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TRANSIENT BEHAVIOR OF A NATURAL-CIRCULATION 
LOOP OPERATING NEAR THE 

THERMODYNAMIC CRITICAL POINT 

by 

D a r r e l G. Harden 

CHAPTER I 

INTRODUCTION 

I n t e r e s t in ut i l iz ing n a t u r a l - c i r c u l a t i o n loops to obtain r e s u l t s that 
aid in the design of some boi le r and nuc lea r r e a c t o r coolant s y s t e m s has 
focused at tent ion on the dynamic behavior of such loops. Much analyt ica l 
and e x p e r i m e n t a l work has been done so as to p e r m i t p r ed i c t i ons of the 
t r a n s i e n t behavior of both s ing le -phase and two-phase n a t u r a l - c i r c u l a t i o n 
s y s t e m s . One region in which t r ans i en t behavior has been noted e x p e r i 
menta l ly , but which has not been inves t iga ted , is that region n e a r the 
t he rmodynamic c r i t i ca l point of the fluid. 

Two v e r y des i r ab l e c h a r a c t e r i s t i c s of a n a t u r a l - c i r c u l a t i o n s y s 
t em fluid a r e that the fluid p o s s e s s a l a rge hea t capaci ty , and the densi ty 
va r i a t ion with t e m p e r a t u r e be l a r g e . Both r e q u i r e m e n t s a r e m e t when the 
fluid is in the n e a r - c r i t i c a l region. The specific hea t capaci ty in the c r i t 
ical reg ion b e c o m e s l a r g e , but only over smal l t e m p e r a t u r e d i f ferences . 
Since an actual s y s t e m will opera te with a finite t e m p e r a t u r e d i f ference , 
AT, between the inlet and exit of the h e a t e r sect ion, the hea t capaci ty of 
the fluid wil l have a finite value. At constant p r e s s u r e , the densi ty of a 
s u p e r c r i t i c a l fluid d e c r e a s e s rapidly with inc reas ing t e m p e r a t u r e n e a r the 
c r i t i c a l point . The magni tude of the densi ty change, although s m a l l e r , i s 
analogous to the change in densi ty of wa te r and its vapor as the wa te r is 
vapor i zed . 

The changes in the t r a n s p o r t p r o p e r t i e s v i s c o s i t y and t h e r m a l con
ductivi ty a r e a lso of i n t e r e s t . The v i scos i ty d e c r e a s e s to a m i n i m u m value 
at the c r i t i c a l point which m e a n s that the v i scous damping c h a r a c t e r i s t i c of 
the fluid is at i t s m i n i m u m value. The t h e r m a l conductivity d e c r e a s e s by 
approx ima te ly 100 p e r cent. 

Two poss ib le appl icat ions in which a n a t u r a l - c i r c u l a t i o n loop might 
opera te n e a r the t he rmodynamic c r i t i c a l point of the fluid a r e when (1) the 
loop is des igned for opera t ion in this region to u t i l ize a s ing le -phase h e a t -
t r a n s f e r m e d i u m and take advantage of the expected high h e a t - t r a n s f e r coef
f ic ien ts , and (2) the fluid p a s s e s through the c r i t i c a l region as it i s hea ted 
in a s u p e r c r i t i c a l p r e s s u r e power cycle . In e i the r of the c a s e s , the l i m i t a 
t ions a s s o c i a t e d with the phys ica l and hydrodynamic ins tabi l i ty in the 



operation of a nuclear reactor a re eliminated or considerably smoothed, 
since the heat - t ransfer agent is a supercri t ical single-phase fluid. In both 
applications, knowledge of the expected dynamic behavior is desired. 

Qualitatively, a natural-circulat ion loop can be considered as a 
physical system having inertia, res is tance to flow, a p ressu re differential 
due to density head, and energy storage in the system fluid. Disturbances 
in heat input or heat removal, -with the resultant changes in density head 
and fluid flow rate , upset the equilibrium balance, and an adjustment must 
occur to satisfy the new conditions. At certain combinations of power level 
and system pressure for a given loop configuration, the gravitational driv
ing force within the system will increase while the damping within the sys
tem may decrease until sustained oscillations in flow and p re s su re may 
occur. It may be that, under certain operating conditions, dynamic equilib
rium will never be attained as long as the fluid is in the region of the critical 
point unless a system geometry can be devised which would minimize the 
unstable effects. 

One analysis of hydraulic stability consists of solving the continuity, 
momentum, energy, and phenomenological equations describing the system. 
When such equations are written to include all the minute details of the sys
tem, they often become too complex and no longer amenable to solution. 

The principal objective of this study was to study experimentally 
and analytically the transients encountered in the cri t ical region. The ex
perimental portion consisted of constructing a closed natural-circulat ion 
loop containing Freon-114 and instrumentating to measure the flow and 
pressure transients. Freon-114 was chosen as the system fluid because 
of its low critical temperature and pressure (294.2°F and 474.8 psia) , and 
availability of thermodynamic data. The choice of fluid is otherwise un
important because the basic mechanism of the flow instability near the 
thermodynamic critical point should be the same for all fluids. 

The analytical portion of the study consisted of simulating the loop 
by utilizing a digital computer to predict the measured t rans ients . The 
one-dimensional conservation equations were written for a control volume, 
and then the control volumes were cascaded to obtain the simulated loop. 
The system of linear equations thus obtained was solved with an IBM 704 
electronic computer. 



CHAPTER II 

SURVEY OF LITERATURE 

A s u r v e y of the l i t e r a t u r e r e v e a l s that the f i r s t in format ion on hea t 
t r a n s f e r in the c r i t i c a l reg ion was published in 1939 by Schmidt , E c k e r t , 
and Grigull.^^'i') Since then, s e v e r a l expe r imen ta l and ana ly t ica l i n v e s t i g a 
t ions have a imed at the development of p red ic t ive methods for , and the 
unders t and ing of, hea t t r a n s f e r in th is reg ion . In the p r o c e s s of obtaining 
h e a t - t r a n s f e r data in th is reg ion , s e v e r a l e x p e r i m e n t e r s have r e p o r t e d 
p r e s s u r e and flow osc i l l a t ions of such seve r i t y that it was imposs ib l e to 
make h e a t - t r a n s f e r m e a s u r e m e n t s in th is a r e a . 

Schmidt , E c k e r t , and Grigull(37) inves t iga ted the h e a t - t r a n s f e r 
c h a r a c t e r i s t i c s of ammon ia in a t h e r m a l syphon-type a p p a r a t u s . The e x 
p e r i m e n t a l p r o c e d u r e was to charge the cons tan t -vo lume s y s t e m with an 
a r b i t r a r y amount of fluid and heat to the c r i t i c a l r eg ion . The change of 
s ta te f rom the onset of heat ing could be followed on a p -v or T-S d i a g r a m 
as a line of cons tant vo lume . Near the c r i t i c a l p r e s s u r e , both p r e s s u r e and 
t e m p e r a t u r e f luctuated widely with t i m e , so that m e a s u r e m e n t in th i s reg ion 
was made difficult and, in pa r t , i m p o s s i b l e . These f luctuat ions a p p e a r e d 
not only dur ing heat ing but p e r s i s t e d for hour s a f t e r w a r d s . In pass ing 
through the c r i t i c a l s ta te during hea t ing , the p r e s s u r e and t e m p e r a t u r e i n 
c r e a s e was r e t a r d e d g rea t l y because of the i n c r e a s e s of the volume coef
ficient of expansion and of hea t capaci ty Cp. 

Holman and Boggsf^^' s tudied the h e a t - t r a n s f e r c h a r a c t e r i s t i c s of 
F r e o n - 1 2 in i t s c r i t i c a l region in a c losed n a t u r a l - c i r c u l a t i o n loop. They 
o b s e r v e d in the reg ions c lose to the c r i t i c a l s ta te f luctuat ions in p r e s s u r e 
of the o r d e r of 20 to 30 ps i , accompanied by an in tense v ibra t ion of the t e s t 
a p p a r a t u s . When the r a t e of flow of cooling water was i n c r e a s e d so that 
the p r e s s u r e in the appa ra tu s was r educed , the f luctuat ions subs ided; how
e v e r , if the flow r a t e was d e c r e a s e d or the power i n c r e a s e d , the f luc tua
t ions b e c a m e m o r e s e v e r e and did not subside until the p r e s s u r e had r i s e n 
well above the c r i t i c a l va lue . In many ins t ances the p r e s s u r e f luctuat ions 
did not subs ide until a p r e s s u r e of 150 to 200 psi above the c r i t i c a l p r e s 
s u r e was a t t a ined . The ins tabi l i ty of opera t ion in the vic ini ty of the c r i t i c a l 
point was a t t r ibu ted to the rap id change of p r o p e r t i e s in th is r eg ion . 

P r e s s u r e and flow osc i l l a t ions s i m i l a r to those r e p o r t e d by Holman 
and Boggs( l9) were found by VanPut te and Grosh,(38) ^ h o s tudied hea t t r a n s 
fer to wa te r in the c r i t i c a l r eg ion . F luc tua t ions in p r e s s u r e and flow o b 
s e r v e d in the n e a r - c r i t i c a l r eg ion tended to d e s t r o y s t e a d y - s t a t e condi t ions . 
These f luctuat ions s e e m e d to be a function of the s y s t e m p r e s s u r e and the 
t e s t - s e c t i o n power input when the condit ions in the t e s t sec t ion were s u p e r 
c r i t i c a l . With a cons tant power input, the frequency and magni tude of the 
f luctuat ions i n c r e a s e d as the p r e s s u r e approached the c r i t i c a l p r e s s u r e . 



The fluctuations also increased in frequency and magnitude as the power 
input was increased. When the fluctuations were encountered at a p r e s 
sure near the critical p ressure (3250 to 3700 psi), the fluctuations could 
be stopped by raising the p ressure about 200 psi . 

In a ser ies of experiments with carbon dioxide in the cr i t ical region 
by Smith and coworkers,^4,20,21) no flow or p ressu re instabili t ies were 
noted. 

The occurrence of p ressure fluctuations severe enough to induce 
mechanical vibration of the tube and subsequent rupture has been reported 
in several papers . Hines and Wolf(l°' in a recent study of the p ressu re 
fluctuations encountered in a diabatic flow of RP-1 and diethylcyclohexane 
( D E C H ) at supercri t ical p ressures reported fluctuations in p ressu re of 
380 psi, peak to peak, with frequencies in the range from 1000 to 10,000 cps. 
The vibration was very destructive to thin-walled tubing. In tes ts with 
thick-walled tubing, similar pressure fluctuations were measured, but the 
tubes were able to res i s t the effect of the mechanical s t r e s s e s . They give 
a comprehensive survey of the l i terature of similar occur rences . 

In a documentation of "boiling songs" and associated mechanical 
vibrations, Firstenberg^l*^) reported the results of informal interviews 
with various researchers in which "boiling songs," mechanical vibrations, 
and pressure fluctuations were discussed. Several of the conclusions 
reached were: 

1. Under certain conditions of local boiling, which includes a 
boiling-like mechanism at supercri t ical p re s su res , intense sounds (boiling 
songs) and mechanical vibrations can be generated. 

2. The occurrence of these intense sounds and mechanical v ibra
tions are intimately related to the operating conditions in the heated portion 
of the loop. 

3. The boiling songs and associated vibrations are accompanied by 
large-amplitude pressure and flow fluctuations, although such fluctuations 
may occur without the generation of sounds or vibrations. 

4. When these unusual phenomena occur in a system, the condition 
is reproducible and revers ible . 

5. These unusual phenomena exhibit a threshold condition gen
erally occurrmg at about 70-80 per cent of the burnout heat flux. 

^., ^•. , ^"^ ^^^ " ' ^ °^ ^"'^'^^^ ^°™d generation, increasing the heat flux 
while maintaining a constant inlet subcooling and flow rate resul ts in an in 
creased intensity which maximizes and then decays as burnout is approached 



7. The in tens i ty of the a s s o c i a t e d v ib ra t ions may show the s ame 
p a t t e r n as sound-gene ra t ion phenomena, or may p e r s i s t until the burnout 
condi t ion. 

8. During v ib ra t ion , and probably during sound genera t ion , the 
hea ted sur face exhibi ts a pe r iod ic i ty in bubble format ion , that i s , all 
bubbles a r e synchronized and grow and col lapse s imu l t aneous ly . 

9. The o c c u r r e n c e of boil ing songs and a s s o c i a t e d v ib ra t ions a p 
p e a r s to be confined to local (subcooled) boiling s y s t e m s . The re has not 
been a r e c o r d e d o c c u r r e n c e of these phenomena in bulk boil ing (net vapor 
genera t ion) s y s t e m s . 

10. The unusual phenomena r e su l t f rom p r e s s u r e waves a n d / o r 
flow f luctuat ions which induce va r i ab l e hea t t r a n s f e r in the s y s t e m . The 
va r i ab i l i t y in the h e a t - t r a n s f e r r a t e and ene rgy d iss ipa t ion of the p r e s s u r e 
wave r e s u l t s in the in tense sounds and v i b r a t i o n s . 

F i r s t e n b e r g concluded that the s eve r i t y of the v ib ra t ions and i n t en 
sity of the sounds indicate a poss ib le l imi t ing condition for some boiling 
s y s t e m s . Because of o the r , m o r e immed ia t e needs in c a s e s where these 
phenomena were o b s e r v e d , they were cons ide red to const i tu te a nu i sance 
condit ion and thus w e r e not inves t iga ted s y s t e m a t i c a l l y . It was r e c o m 
mended that some s y s t e m a t i c inves t iga t ion of these phenomena be in i t ia ted , 
d i r e c t e d at obtaining an unders tanding of the cause -and-e f fec t r e l a t i o n s , 
and d i scove r ing methods for e l iminat ing the o c c u r r e n c e s . 

Goldman'14) in a r e p o r t of h e a t - t r a n s f e r e x p e r i m e n t s involving 
s u p e r c r i t i c a l water at 5000 ps ia d is t inguished between hea t t r a n s f e r wi th 
out "whis t le" or a " n o r m a l " mode and heat t r a n s f e r with "whis t l e . " The 
f requency of the whis t le sound va r i ed f rom about 1400 to 2200 c p s . Inlet 
t e m p e r a t u r e a p p e a r e d to have the g r e a t e s t effect on f requency, w h e r e a s 
p r e s s u r e had l i t t l e , if any, effect. A p r e s s u r e i n c r e a s e in the s y s t e m of 
about 50 psi o c c u r r e d at the onset of the whist le sound. 

Griffith and S a b e r s k y ' ' s tudied fluid mot ion photographica l ly 
in the ne ighborhood of a heat ing sur face in a conta iner filled with fluid at 
i t s t h e r m o d y n a m i c c r i t i c a l point to d e t e r m i n e if any bubble- l ike motion 
could be de tec ted , and if so , to r e l a t e this mot ion to any s h a r p i n c r e a s e s 
in the h e a t - t r a n s f e r r a t e . The v isua l r e s u l t s gave some indicat ion that 
bubble - l ike a g g r e g a t e s may fo rm; but, under the condit ions of this t e s t , 
the bubble - l ike mot ion did not lead to any abrupt i n c r e a s e in the h e a t -
t r a n s f e r r a t e as i s o b s e r v e d in nuc lea te boi l ing. 

The f luctuation of the n a t u r a l - c i r c u l a t i o n flow r a t e in s y s t e m s at 
subc r i t i c a l p r e s s u r e , p a r t i c u l a r l y those in which boiling t akes p lace , has 
been widely encoun te red in b o i l e r s and nuc lea r r e a c t o r s . As yet , t h e r e 
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is no single theory that descr ibes two-phase hydraulic charac ter i s t ics over 
the entire range from atmospheric p ressu re to 2000 psia, [see Ref. (45)]. 

The goal of analytical work concerning a test-loop stability analysis 
is to predict the dependence of the inception point, frequency, and amplitude 
of oscillations on system pa rame te r s . Two approaches are used. In the 
first , the general equations of the system, such as the energy, continuity, 
and momentum equations, are solved, the resultant solution indicating the 
influence of system parameters on stability. In the second approach, some 
controlling phenomenon, such as an extremum in the p ressu re drop versus 
flow rate curve, is assumed to be the only phenomenon of importance, and 
system stability is evaluated by investigation of factors affecting this 
phenomenon. 

The analytical and experimental work associated with reactor and 
test-loop stability has been reviewed by Anderson and Lottes. '^) The con
clusions reached as a result of this survey a r e : (l) the experimental in
formation in the field of reactor and test-loop stability is spa rse , (2) 
analytical procedures are still in a prel iminary state, and (3) because of 
over-design of reactors due to lack of information, a more precise method 
of prediction of stability is important to the future development of boiling 
water r eac to r s . 

A more recent review by Beckjord^ ' d iscusses hydrodynamic 
stability in reac tors . References to recent reactor stability work are 
given. Hydrodynamic instabilities fall into two c lasses from the reactor 
point of view. The first class includes power-to-react ivi ty feedback in
stabilities in which hydrodynamic phenomena predominate. The second 
class are those in the form of varying coolant flow ra tes or density waves 
traveling in the fuel channel, which would affect the reactor in a way similar 
to external disturbances. The reactor power would fluctuate with hydro-
dynamic variations. 

Foltz and M u r r a y d D in a study of two-phase Freon-114 flow ra tes 
and pressure drops in long and short parallel tubes reported periodic 
fluctuations in the flow in the long tubes at high heat flux. Under the con
dition of high heat input the flow in the two longer pipes would begin to 
fluctuate, slightly at first, then with increasing amplitude, until the flow
meter bobs were going from top to bottom. The slamming of flowmeter 
bobs agamst the bottom stop indicated a flow reve r sa l . The two pipes would 
be out of phase, with one tube having a flow rate of about 700 lb / h r when 
the other pipe had no flow. The fluctuations were cyclic with a 'Seriod of 
about 10 sec. The two short pipes remained relatively steady with some 
fluctuations of about ±4 percent of average flow. The fluctuations could be 
damped out, without decreasing the heat load, by restr ic t ing the flow through 
he short pipes. The same fluctuating flow could be obtained at a lower heat 

flux by restr ict ing the flow to the inlet manifold. In each case the fluctua 
tions occurred when the heat input was sufficient to vaporize about 70 per cent 
of the liquid flowing m that pipe. ^ ccnu 
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Lee et ^ . ( ^ ^ ' in a des ign study of t he rmos iphon r e b o i l e r s (na tu ra l -
c i r cu la t ion v e r t i c a l - t u b e e v a p o r a t o r s ) d e s c r i b e d a pulsat ing flow they e n 
coun t e r ed . In an effort to under s t and be t t e r the cause of the high ve loc i t i e s 
which they o b s e r v e d at the outlet of the 5 - and 10-ft r e b o i l e r t ubes , a sma l l 
l a b o r a t o r y , s ing le - tube g lass t he rmos iphon r ebo i l e r was built and ope ra t ed . 
Heat was suppl ied by m e a n s of an e l e c t r i c a l heat ing e l ement wrapped a round 
the tube . S low-mot ion p i c t u r e s of the unit showed v e r y plainly a r ap id pu l 
sat ing flow in the tube with each slug of liquid and vapor leaving the tube at 
high ve loc i ty . Each pulse of mixed l iquid and vapor leaving the top of the 
tubes was accompan ied by a "kickback" of the liquid in the bo t tom of the 
tube . It was concluded that anything that could be done to i n c r e a s e the r e 
s i s t ance to "kickback" would p e r m i t h igher fluxes before vapor lock, which 
was defined as the onset of a surging type of flow, o c c u r r e d . 

A n d e r s o n ^ a l . , ^^^ ' by solving the t i m e - and space -dependen t con
se rva t i on equat ions with an analog compute r , were able to p red i c t the b e 
hav ior of a two-phase n a t u r a l - c i r c u l a t i o n s y s t e m dur ing t r a n s i e n t s . The i r 
model was useful for inves t iga t ing the point at which the i r s y s t e m would 
exhibit o s c i l l a t o r y behav io r . 

Quandt(22) developed an ana lys i s for p red ic t ing the onset of s table 
p a r a l l e l channel flow osc i l l a t ions (or "chugging") which occur under c e r t a i n 
opera t ing condi t ions . The ana lys i s is based on a l i n e a r i z e d t r e a t m e n t of the 
conse rva t ion equat ions and equat ion of s ta te for sma l l p e r t u r b a t i o n s about 
some s t e a d y - s t a t e va lue . 

Wallis and Heasly^"*^' p r e s e n t e d m a t h e m a t i c a l mode l s for t h r e e 
m o d e s of osc i l l a t ion of a s imple two-phase flow, n a t u r a l - c i r c u l a t i o n s y s t e m , 
toge ther with qual i ta t ive r e s u l t s of e x p e r i m e n t s with a s m a l l - s c a l e loop 
mode l . The i r bas ic approach was to cons ide r the loop as a dynamic s y s t e m 
of nonl inear t i m e de l ays , s t o r a g e , e l e m e n t s , and r e s i s t a n c e s . S tandard 
methods of c o n t r o l - t h e o r y ana lys i s were then applied to p red i c t the onset 
of i n s t a b i l i t i e s . 

Als tad et a l .^^ ' solved the conse rva t ion and s ta te equat ions by f in i te -
difference methods for t e m p e r a t u r e s and r a t e s of flow in the t r a n s i e n t o p e r 
ation of a n a t u r a l - c i r c u l a t i o n loop with a s ing le -phase fluid as the c i rcu la t ing 
fluid. C o m p a r i s o n s for two e x p e r i m e n t a l water loops of p r ed i c t ed with 
ac tua l p e r f o r m a n c e s employing wate r were found sa t i s f ac to ry . 

Wiss l e r , ^^^ ' ut i l iz ing an analog compute r , s tudied the o sc i l l a t o ry 
behavior of a two-phase n a t u r a l - c i r c u l a t i o n loop at a t m o s p h e r i c p r e s s u r e . 
The gene ra l conc lus ion of the s tab i l i ty ana lys i s was that a n a t u r a l -
c i r cu l a t i on loop could be made uns table in the sense that a s m a l l d i s p l a c e 
men t f rom the equ i l ib r ium s ta te could lead to undamped o sc i l l a t i ons . 
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Garlid^ ' developed a model for a two-phase natural -c i rcula t ion 
loop based on a concept of cascaded control volumes and lumped pa ramete r 
ization. The model was applied to a general system and, hence, gave only 
general resul t s . 

Myer,^ ' ' and Myer and Rose^ ' discussed the derivation of the 
transient equations as applied to the parallel flow configuration (constant 
pressure difference across the heated section) and presented the resul ts of 
the simultaneous solution of the system of equations utilizing a digital com
puter. They gave details of the method, comparison with experiment, and 
features which distinguished their model from other analytical models . 

The conclusion can be made, based on this survey of the l i t e ra ture , 
that flow and pressure oscillations in diabatic flow have been encountered 
over a wide range of operating conditions with many different sys tems . A 
single unifying theory is needed to relate these seemingly unrelated 
phenomena. 



CHAPTER III 

THEORETICAL ANALYSIS OF LOOP TRANSIENTS 

The fluid in a n a t u r a l - c i r c u l a t i o n loop can be cons ide red as a t h e r 
modynamic s y s t e m which (a) p o s s e s s e s the c h a r a c t e r i s t i c of ine r t i a , (b) ex
changes m o m e n t u m with the wal ls of the su r round ing tubing to p roduce a 
r e s i s t a n c e to flow, (c) contains a p r e s s u r e di f ferent ia l due to dens i ty head 
for the a c c e l e r a t i o n of the s y s t e m fluid, and (d) has a capabi l i ty for ene rgy 
s t o r a g e in the s y s t e m fluid. Sustained osc i l l a t ions of the fluid m a s s can 
be obtained by the effect of c e r t a i n combinat ions of the s y s t e m v a r i a b l e s . 

A somewhat analogous m e c h a n i c a l mode l is the f ree pis ton in a 
g rav i ty field: the m a s s of the pis ton c o r r e s p o n d s to the m a s s of the fluid 
in the loop; the p r e s s u r e di f ferent ia l due to the densi ty head c o r r e s p o n d s 
to a dr iv ing force act ing on the pis ton m a s s ; fr ict ion and m o m e n t u m p r e s 
s u r e l o s s e s a r e r e p r e s e n t e d by v i scous damping. To a c c e l e r a t e the free 
p is ton un i fo rmly up the b o r e of the containing cy l inder , it is n e c e s s a r y to 
supply a dr iv ing force in the d i rec t ion of motion in e x c e s s of the r e s t r a i n 
ing fo rce s ac t ing in the opposi te d i rec t ion . By pe r iod ica l ly i nc r ea s ing and 
d e c r e a s i n g the dr iv ing force , the pis ton can be m a d e to osc i l l a t e about 
some equ i l i b r ium point. 

A s s u m e that s t e a d y - s t a t e condit ions exis t for the flow in a n a t u r a l -
c i r cu la t ion loop. D i s tu rbances in heat input or hea t r e m o v a l f rom the 
s y s t e m fluid with the r e s u l t a n t changes in dens i ty head and fluid flow r a t e 
upset the equ i l i b r i um ba lance , and an adjus tment m u s t occur to sat isfy 
the new condi t ions . Under some opera t ing condi t ions , the ad jus tment to 
the new m a s s - v e l o c i t y level is r e a c h e d by a damped t r a n s i e n t with some 
ini t ia l osc i l l a t ion about the new s t e a d y - s t a t e condition. The opera t ing con
dit ions of i n t e r e s t in th is invest igat ion w e r e those in which the ad jus tment 
r e s u l t e d in sus ta ined flow osc i l l a t ions about the "new" s t e a d y - s t a t e m a s s -
veloci ty value-

One a n a l y s i s of the dynamic s tabi l i ty of a fluid-flow s y s t e m con
s i s t s of solving the continuity, m o m e n t u m , energy, and s ta te equat ions 
desc r ib ing the s y s t e m . T ime-dependen t conse rva t ion equat ions with spe 
c ia l r e f e r e n c e to n a t u r a l - c i r c u l a t i o n loops have been der ived by s e v e r a l 
au tho r s . ( ! • 12,28,41,42) The equat ions a r e nonl inear p a r t i a l d i f ferent ia l 
equat ions in space and t i m e . A d i r ec t ana ly t i ca l solut ion is imposs ib le 
with p r e s e n t m a t h e m a t i c a l knowledge. Seve ra l a l t e r n a t i v e s which have 
been cons ide r ed a r e : 

( l ) r educ t ion of the nonl inear s y s t e m to a l inear one by making 
simplifying a s s u m p t i o n s enabling one to obtain an ana ly t i ca l 
solut ion. 



14 

(?/») 

(2) use of perturbations about an initial steady-state and then 
investigation of the resulting time-dependent behavior to de
termine whether the resul t indicates unstable, stable, or 
oscillatory behavior. 

(3) solution of the set of equations by finite-difference methods 
with a high-speed electronic computer or an electric analog 
computer. 

In this work a one-dimensional model was used, for which a sys 
tem of equations was written and solved by finite-difference methods with 
a digital computer. 

Figure 1 depicts a schematic of the loop. The closed loop consists 
of two legs of vert ical round tube of constant c ross-sec t ional a rea . At 

z = 0 the fluid enters the hot leg 
and flows in a one-dimensional 
(counterclockwise) manner in the 
positive z direction around the loop. 
Variations in fluid proper t ies , 
velocity, and heat flux in the radial 
direction were taken to be negli
gible. Heat conduction in the axial 
direction was neglected. The por
tions of the hot and cold legs not 
occupied by the test section or 
cooler were adiabatic. 

In a thermodynamic analysis, 
the loop can be considered as having 
diabatic and adiabatic sections. In 
analyzing diabatic flow, two approxi
mations a re generally made. The 
first is that no external work is in
volved in the process . The second 
is that the flow is incompressible 
in the sense that the density is in
dependent of p re s su re and a function 
of temperature or enthalpy only. 
These approximations a re dependent 
on the major effect of heat transfer 

being a change in temperature with only a secondary change in p ressu re . 
This is ordinarily the case; but, when heat is added at a sufficiently high 
rate or the fluid is in a region where large changes in density occur with 
even small quantities of heat added, the induced pressure change may r e 
quire a consideration of the pressure effect on the compressibil i ty in the 
flow. The assumption of a constant reference p ressu re p* can, in some 

Fig. 1. Schematic of the Loop for 
Analytical Representation 
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c a s e s , be fulfilled in p r a c t i c e by ins ta l l ing a su rge tank in the s y s t e m to 
damp p r e s s u r e f luctuat ions . As a f i r s t approximat ion , then, the a s s u m p 
tion wi l l be m a d e that dens i ty p m a y be evaluated a s a function of enthalpy h 
only: 

p = p(h, p*) . (III-I) 

The ma jo r difficulty encountered in a c o m p r e s s i b l e mode l in which 
the dens i ty is evaluated as a function of enthalpy and p r e s s u r e is one of 
n u m e r i c a l s tab i l i ty in the solut ion of the equat ions desc r ib ing the s y s t e m . 
The r e q u i r e d t imie-s tep s ize , At, is of the o r d e r of the t ime for a sonic 
wave of speed c to p a s s through one space s tep: 

At s (Az/c) + | u | 

[see Ref. (34), p. 197]. The re fo re , in a p rob l em in which the fluid has a 
high sonic veloci ty , the t ime s tep b e c o m e s prohib i t ive ly shor t f rom a 
c o m p u t e r - t i m e cos t s tandpoint . 

A n a t u r a l - c i r c u l a t i o n loop can be opera ted nea r the c r i t i c a l point 
in e i the r the s i ng l e -phase or two-phase region. E x p e r i m e n t a l r e s u l t s in 
the two-phase reg ion showed t r a n s i e n t t r a c e s of m a s s flow r a t e s i m i l a r to 
the "coffee p e r c o l a t o r " or slug-flow effect which is encountered in many 
indus t r i a l app l ica t ions , for example , in r e b o i l e r s . The re fo re , a t tent ion 
was focused on the s ing le -phase c o m p r e s s e d - l i q u i d reg ion whe re s e v e r e 
t r a n s i e n t s w e r e r e p o r t e d in the l i t e r a t u r e and which w e r e encountered 
during th is e x p e r i m e n t a l p r o g r a m . 

Cons ider ing the fluid in the n 'h e l ement as the t he rmodynamic s y s 
tem, the equation for conse rva t ion of m a s s can be wr i t t en as 

( S p / S t ) + (QG/az ) = 0 , (HI-2) 

where G is the m a s s ve loc i ty and z the elevat ion. 

A s s u m i n g (l) the work done on the s y s t e m by f r ic t ional fo rces is 
negl igibly s m a l l , (2) the kinet ic and potent ia l energy t e r m s can be neglec ted , 
and (3) the effect of p r e s s u r e changes with t ime on the enthalpy r i s e r a t e 
is s m a l l , the equation for conse rva t ion of ene rgy can be wr i t t en [see 
Ref. (28)] as 

p S h / S t + G a h / S z = Q / A , (n i -3 ) 

whe re Q is the l inear r a t e of heat input to the fluid and A the c r o s s -
sec t iona l a r e a . 
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The equation of motion determined by making a momentum balance 
in the nth volume element is 

A A z aG . , ^ ' ^ I *̂  , , PE 

- ^ ^ = - Adp - j ^ ^ AdL - g Adz - dDi . (III-4) 

where ĝ , is a constant of proportionality, L the length, Di the lumped 
sectional drag force, and f the single-phase friction factor. Because of 
the assumption that the density is not a function of p res su re , local com
pression is not allowed; hence, a local decrease in density resul ts in 
disturbances in the local p ressure and velocity which are propagated at 
the speed of sound throughout the loop. This effect is the same as that 
which would result if one of the beads on a string of closely spaced beads 
were moved: all the beads would move the same distance with the same 
velocity. Therefore, because of this assumption, the momentum equation 
must be integrated over the entire loop circuit and is used to represent 
the behavior of the average mass velocity, G, only: 

V 

L 
(dG/dt) = -Ap - F , (HI-5) 

where 

1 - ^ 
° " r i ^n dL , (ni-6) L 

0 

'^P = (g/gc) / Pn dz , (ni .7) 
0 

and the total resistance to fluid flow, F, is 

/•L f |GlG 

The assumption was made that the momentum losses due to internal drag 
forces m the loop were negligible. Since the loop is a closed circuit, 

/ dp = 0 . 

For a given reference pressure , the frictional res is tance to flow 
due to the momentum exchange with the wall of the conduit was calculated 
as a function of the actual mass velocity by means of a relation of the form 

| G | G 
F = N ^ - + N, , , , 

p ( in-9) 



17 

where N was a cons tant whose value depended on the m e a n m a s s veloci ty 
and m e a n dens i ty of the fluid. 

An e x p r e s s i o n for the loca l change in the m a s s veloci ty in t e r m s 
of the loca l heat ing can be obtained by e l imina t ion of the t ime r a t e of den
sity and enthalpy change in the continuity and ene rgy equat ions by m e a n s 
of the equat ion of s t a t e . Applying the chain ru l e of different ia t ion to the 
equation of s ta te , Eq. ( i l l - l ) , the r e s u l t is 

S p / S t = (dp/dh)( a h / a t ) . (Ill-10) 

If this r e s u l t is subst i tu ted into the equation of continuity, Eq. ( i l l -2) , then 
the e x p r e s s i o n b e c o m e s 

-(ac/az) = (dp/dh)( ah/at) . (m-n) 

If th is is solved for ( a h / S t ) and the r e s u l t subst i tu ted into the energy equa
tion, Eq. (I1I-3), the e x p r e s s i o n for the local change in the m a s s ve loc i ty 
is obtained: 

(ac/az) = (i/p)(<ip/dh) [G(ah/az) - (Q/A)] . (ni-12) 

This equat ion and the m o m e n t u m equation, Eq. (III-5), d e s c r i b e the e n e r g y -
hydrodynamic r e l a t i onsh ip s of the flow sys t em. A comple te p ic tu re of the 
m a s s - v e l o c i t y behavior in the s teady and t r ans i en t s ta te can be obtained 
by the s imu l t aneous solution of these equat ions . The techniques a n d m e t h o d s 
used a r e d i s c u s s e d in the las t sec t ion of this chap te r . 

Qual i ta t ive Ana lys i s 

A qual i ta t ive p i c tu re of the t r a n s i e n t loop behavior can be obtained 
by examining these equa t ions . In the s t e a d y - s t a t e condition, the m o m e n t u m 
equation s t a t e s that (dO/dt) = 0 and, t he r e fo re , Ap = F . In the ene rgy 
equation G ( a h / a z ) = Q/A; t he r e fo re , ( a o / a z ) = 0. Now, if an i n c r e a s e 
in heat ing power is applied to the flowing sy s t em, Q / A > G ( a h / a z ) and, 
hence , the difference [ G ( a h / a z ) - ( Q / A ) ] t akes on some negat ive va lue . 
Since the t e r m [ ( l /p ) (dp /dh) ] is a lways negat ive , t h e r e is a posi t ive in
c r e a s e in ( a c / a z ) . The change in ( a c / a z ) r e s u l t s in an i n c r e a s e of 
( a o / a t ) b e c a u s e of the i n c r e a s e d Ap which, in tu rn , m u s t be_balanced out 
by an i n c r e a s e in the r e s i s t a n c e to fluid flow, F , to r e t u r n dO/dt to z e r o . 

The r e s u l t of this sequence of events is shown in Fig. 2. In th is 
f igure , it can be seen that the i ne r t i a of the s t r e a m r e s u l t e d in the in i t ia l 
ove r shoo t and the subsequent undershoot . The s y s t e m damping caused 
the m a s s ve loc i ty to decay to the new s t e a d y - s t a t e value after a few cyc l e s . 
It should be noted that the s a m e sequence of events could have been in i 
t ia ted by changing e i the r the Ap or F t e r m in the m o m e n t u m equation. 
However , in diabat ic flow, the change in hea t addit ion is usua l ly the forcing 
function for a flow change. 



Fig. 2 

Response of Natural-
circulation Loop to 
Step Increase in Heat 
Input 

A possible explanation of the sustained flow oscillation is deduced 
by further analysis of Eq. (III-5) and (ill-12). There are four t e rms in 
Eq. (Ill-12) which would force a change in ( aG/az ) : [(l/p)(dp/dh)], G, 
( ah /az ) , and Q / A . The latter is the only variable which can be controlled 
independently. The quantities G, [(l/p)(dp/dh)], and ( a h / a z ) can be 
manipulated primari ly by changing the thermodynamic state of the fluid. 
The most favorable condition for large changes in ( a G / a z ) is that the 
multiplier term [(l/p)(dp/dh)] and the te rm [G(ah/Sz) - ( Q / A ) ] be large. 

Let us consider again the sequence of events leading to the damped 
oscillation in the Fig. 2. and this time assume that the multiplier is sev
eral times larger. An increase in the heat input resul ts in [G(ah /az ) - ( Q / A ) ] 
being again negative. This difference is multiplied by a large number and, 
f ! ^ n ^ / r ; ^ large positive {hc/d^) resul ts . When the overshoot occurs, 
G(dh/dz) - (Q/A)] becomes positive and again is multiplied by the same 

I'^^'/^T'^^''; ^ ' ' i ' process continues as long as the large changes in 
ac /Bz) result m Ap's which cannot be damped rapidly enough by the fric-

tion and momentum losses in the system. 

Thus far the analysis has been primari ly on the basis of a single 
control volume of fluid. When a ser ies of these a re cascaded to simulate 
a heater or cooler section, further deductions can be made concerning the 
dynamic behavior of the loop. In Eq. (Ill-12), three te rms will be affected 
because of the change in thermodynamic state and position z as the flu d 
moves from one control volume to the next. The local mass velocity G 
will be changing because of the fluid expansion, [ l /p (dp /dh) l and Bh/a ^ 
will be changing because of the heat addition. T h e C l l ' / o f Q / r m i y / e ^^ 
changing because of the variation in heat-transfer coefficient witT^he 
thermodynamic state of the fluid. Hence there av» = T 
nisms for changes in ( a c / S z ) to occur cons^de T ^ " ' " ' " ' ^ "^""^"-
scribing the local change of mass velocity " ' ° " ' ^ *^^ ^ ' ^ " " " ° ' ^ ' ^^ 
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To obtain a be t t e r phys ica l p ic tu re of what is happening, let us a s 
sume t h e r e is a con t ro l vo lume of fluid at the upper end of the h e a t e r s e c 
tion which is about to undergo a l a rge expansion due to the hea t which wi l l 
be added dur ing a t ime in t e rva l . When the hea t is added and the expansion 
t akes p lace , t h e r e wi l l be s imul taneous i n c r e a s e s in specific vo lume of the 
fluid and in the p r e s s u r e of the sys t em. The p r e s s u r e i n c r e a s e o c c u r s b e 
cause of the i n c r e a s e of specific vo lume, s ince for the f i r s t few t i m e in
t e r v a l s we can cons ide r the loop as having a cons tant to ta l vo lume. The 
local p r e s s u r e i n c r e a s e is t r a n s m i t t e d at the speed of sound throughout 
the loop. Since we a s s u m e d that the con t ro l volume of fluid was at the top 
of the h e a t e r , only a s m a l l amount of fluid is involved in the l a rge volume 
i n c r e a s e . Hence , it would be r ea sonab l e to a s s u m e that if the heat ing w e r e 
to be d e c r e a s e d and the cooling i n c r e a s e d at this t ime , the effect of the 
p r e s s u r e and flow i n c r e a s e could be quickly cancel led . This is the effect 
that i s ach ieved by the loop dynamics . The i n c r e a s e in the fluid flow at 
the top of the h e a t e r caused the fluid at the cooler to flow fas ter and be 
cooled m o r e quickly, and at the s ame t ime the fluid is heated l e s s in the 
hea t e r sec t ion . 

The fluid is heated l e s s in the hea t e r because of two fac to r s . The 
ini t ia l i n c r e a s e in specific volume would tend to propaga te a m a s s - v e l o c i t y 
d i s tu rbance in both d i r ec t i ons , with the r e s u l t that the incoming fluid is 
slowed and the outgoing fluid a c c e l e r a t e d . The ini t ia l slowing of the in
coming fluid and the i n c r e a s e of cooling r a t e in the cooler r e s u l t s in a 
r e t u r n of the p r e s s u r e and flow to n o r m a l , and, indeed, an undershoot of 
the s t e a d y - s t a t e va lues . The cycle r e s u m e s as soon as the next con t ro l 
volume of fluid is heated sufficiently to the point that fur ther heat addit ion 
wi l l r e s u l t in l a rge i n c r e a s e s in specific vo lume. 

If the t h e r m o d y n a m i c s ta te of the s y s t e m fluid is such that the 
con t ro l vo lume of fluid which is about to undergo a l a rge expansion b e 
cause of the hea t to be added during a t ime in t e rva l is at the lower end of 
the h e a t e r , then it would be expected that, as the m a s s of fluid in the in
i t ia l con t ro l vo lume p a s s e s through s u c c e s s i v e con t ro l vo lumes , it would 
continue to expand. The p r o g r e s s of this m a s s of fluid through the hea t e r 
is m a r k e d by an i n c r e a s e in flow r a t e as the fluid ahead of this p a r t i c u l a r 
m a s s of fluid is being a c c e l e r a t e d upward through the hea t e r by the heat 
addit ion. In this c a se a t r a n s i e n t of lower frequency would be expected 
b e c a u s e of the l a r g e r amount of fluid involved before the dr iv ing force , as 
d i s c u s s e d above, for the t r a n s i e n t is r educed . 

To s u m m a r i z e the qual i ta t ive a n a l y s i s , it has been conjec tured that 
the ini t ia t ion of a sus ta ined t r a n s i e n t is caused by a change in the r a t e of 
a c c e l e r a t i o n of the fluid in the h e a t e r or coo le r . This conjec ture was 
b a s e d on r ea son ing f rom a phys ica l mode l and from examinat ion of the 
o n e - d i m e n s i o n a l equat ions desc r ib ing this model . 
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The hypothesis is advanced that sustained flow oscillations will not 
exist in any system as long as the driving force remains constant. If it 
does vary in a flow system, then the change must be damped by increased 
damping which takes effect automatically. This increased damping may 
occur as a result of factors inherently in the system fluid or due to ex
ternal damping devices built into the system, which act only when required 
to reduce the magnitude of the transient condition. 

This condition has long been recognized as applicable to an adia
batic forced-circulation system. In this case the driving force is some 
external mechanical device, and it is easy to see that variation of the 
driving force will result in flow and p ressu re oscillations. Also, in a 
natural-circulation system, it is easy to visualize the variation in flow 
rate when the heat added to the system is varied in some manner. What 
is not so apparent in a diabatic system is that the driving force for p r e s 
sure and flow oscillations is generated internally in the fluid as a resul t 
of the interaction of the heat addition and thermodynamic state of the fluid, 
and is essentially independent of any external driving force. 

In the steady-state operation of a diabatic system under most con
ditions, the addition of heat results in a uniform acceleration of the fluid 
through the heater section. When the thermodynamic condition of the fluid 
is such that the heat addition will result in a change of the thermodynamic 
state of the fluid to a condition in which the slope of the density-enthalpy 
curve changes, variations in the thermal accelerating force will occur be
cause of the local variation in the mass velocity. When the conditions are 
such that large changes in local mass velocity occur, then sustained p r e s 
sure and flow fluctuations will occur. 

The oscillation mechanism will, in general, depend on (l) the time 
needed to expel from the heater the low-density fluid which has been 
formed, and (2) the time necessary for the thermodynamic state of the 
fluid to become such that a nonuniform rate of acceleration of the fluid is 
again significant. The first t e rm will depend on where in the test section 
the low-density fluid is formed. The latter te rm will depend largely on 
the time required to heat the element of fluid to the same thermodynamic 
state as existed previously. To calculate the transient time in the adia
batic section of the hot leg adequately, it is necessary to know the point at 
which the nonuniform acceleration begins to occur; hence, in a finite-
difference solution of the conservation equations, the length of the incre
ments should be as small as possible, consistent with the economics of 
purchasing computer time. An order-of-magnitude approximation is that 
the length of the increment be equal to its diameter. 

Another way to visualize the operation of a natural-circulat ion loop 
and he conditions during a transient is to use a plot of position versus 
local acceleration, such as in Fig. 3. If an observer moved with a control 
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(») 

(b) 

(0 

LOCJL ACCELERATION 

volume of fluid around the loop, then Fig . 3(a) shows a h i s t o r y of the spa
t i a l a c c e l e r a t i o n s exper ienced by this con t ro l volume in s t e a d y - s t a t e o p e r 
a t ion. The fluid e n t e r s the h e a t e r at point 1 and is uniformly a c c e l e r a t e d 

because of the heat addit ion to point 2, 
3 which is the exit of the hea t e r . The 

fluid cont ro l volume then cont inues at 
a constant veloci ty up the hot leg and 
over to the cooler at point 3. In the 
cooler , the fluid is uni formly d e c e l e r 
ated from point 3 to 4 to the in i t ia l 
veloci ty at which it en te red the h e a t e r . 
The fluid then t r a v e l s at a constant 
veloci ty back to point 1. The slope of 
the curve in the hea t e r , that i s , f rom 
point 1 to 2, will depend p r i m a r i l y on 
the heat input and the the rmodynamic 
s ta te of the fluid at the en t rance to the 
h e a t e r . In a c o n s t a n t - a r e a , s ing le -
phase or h i g h - p r e s s u r e , two-phase s y s 
tem, the densi ty in the r i s e r por t ion 
of the loop wil l not v a r y much with 
t ime; hence, the veloci ty in this p o r 
tion of the loop wil l be constant and 
equal to the veloci ty at the outlet of 
the hea t e r . Thus, the t r ans i en t t ime 
of the cont ro l volume through the 
adiabat ic sect ion is r e p r e s e n t e d by a 
v e r t i c a l line on the pos i t ion-acce le ra t ion 
d i ag ram. 

LOCAL ACCELERATION 

LOCAL ACCELERATION 

Fig. 3. Fluid Control Volume Position 
Versus Local Acceleration in a 
Closed, Natural-circulation Loop 

T h e s e q u e n c e of e v e n t s w h i c h 
o c c u r s w h e n t h e c o n t r o l v o l u m e of 
f lu id b e g i n s t o e x p e r i e n c e a g r e a t e r 
r a t e of a c c e l e r a t i o n a t t h e u p p e r e n d 

of t h e h e a t e r s e c t i o n , s u c h a s i s e n c o u n t e r e d w h e n t h e s l o p e of t h e d e n s i t y -
e n t h a l p y c u r v e i n c r e a s e s , i s s h o w n in F i g . 3 (b ) . If t h e l o o p f low i s i n i t i a l l y 
a s s h o w n i n ( a ) , t h e n d u r i n g t h e t i m e fo r t h e l o o p t o a d j u s t t o t h e n e w f low 
p a t t e r n s h o w n i n (b) t h e r e w i l l b e a t r a n s i e n t c o n d i t i o n . O n t h e o t h e r h a n d , 
if t h e l o o p i s i n i t i a l l y in t h e s t a t e s h o w n in (b) , t h e r e w i l l b e a t r a n s i e n t 
i n t r o d u c e d in g o i n g to t h e c o n d i t i o n in ( a ) . T h e q u e s t i o n c a n b e p o s e d a s t o 
w h i c h t r a n s i t i o n w o u l d b e e a s i e r f o r t h e t h e r m o d y n a m i c s y s t e m to u n d e r g o . 

A d i a g r a m w h i c h w o u l d r e s u l t w h e n t h e i n i t i a l a c c e l e r a t i o n in t h e 

h e a t e r i s l a r g e i s s h o w n in ( c ) . 

T h e r e s u l t s of e x p e r i m e n t s t o c o n f i r m t h e s e c o n j e c t u r e s w i l l b e 
p r e s e n t e d i n C h a p t e r V I . T h e a n a l y s i s of t h e s y s t e m e q u a t i o n s fo r 
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simultaneous solution by finite-difference methods is next described. If 
the simultaneous solution of the system equations yields stable flow con
ditions when the acceleration of a fluid control volume in the heater or 
cooler is constant, and oscillations when the accelerat ion is nonuniform, 
then the hypothesis will have been confirmed for this single-phase system. 
If the computer model predicts the two ranges of frequencies correspond
ing to where in the heater or cooler the nonuniform accelerat ion occurs, 
the hypothesis can be extended to two-phase systems because of the s imi
larity of the accelerating forces, thus providing a unifying theory for the 
oscillations encountered in subcooled and two-phase sys tems. 

Programming Analysis 

A difference approximation to Eq. (ill-12) written for each incre
ment in the heater tube would supply a description of the variation of local 
mass velocity about the average. A single integrated momentum equation 
yields the behavior of the average mass velocity with t ime. The simulta
neous solution of these equations will give a complete description of the 
mass velocity of the fluid in the system as a function of time and space. 

However, if only the behavior of the average mass velocity with 
time is desired, then for ease of programming for a digital-computer 
solution, another procedure is followed. A difference approximation to 
the energy equation, Eq. (Ill-3), is used to obtain local changes in enthalpy. 
Local values of density are evaluated from the local values of enthalpy. 
The elevation driving pressure can then be calculated from the density 
distribution. The mass velocity which resul ts from the elevation head is 
then computed and, if this checks the initial mass velocity, the computa
tion ends. 

The general approach to the solution of these equations is toassume 
that the loop operates under some power input and steady-state conditions 
prevail. The problem is of the "initial value" type with time as an inde
pendent variable. The steady-state conditions at t = 0 define the initial 
state of the system. The damping in the system serves as the "boundary 
condition" to the problem. The energy, continuity, momentum, and state 
equations for the loop, as developed in finite-difference form, a re solved 
for the values of mass velocity, enthalpy, and p re s su re at time t + At in 
terms of the quantities at time t. 

A digital-computer program for an IBM-704 was developed to solve 
the finite-difference equations by an iterative method to determine the 
dynamic behavior of the system during the transient . The independent 
variable of the problem is time t refer red to by an integer j in the finite-
difference equations. The main unknown dependent variables a re coolant 
enthalpy h(j), mass velocity G(j), and p re s su re p(j). The auxiliary un
known dependent variables a re coolant density and temperature , which can 
be determined in te rms of the main dependent variables from the tabulated 
values. 
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Two simplifying a s s u m p t i o n s made with r e f e r e n c e to the d igi ta l 
compute r a r e as follows: 

(a) Q u a s i - s t e a d y - s t a t e condit ions a r e a s s u m e d to p r e v a i l dur ing 
the t r a n s i e n t , i .e . , it is supposed that at each ins tant during the t r a n s i e n t 
t h e r e ex i s t s an ins tan taneous s teady s ta te and, as a consequence , the 
s t e a d y - s t a t e f r ic t ion factor can be applied ins tantaneous ly . 

(b) To allow for the spa t ia l va r i a t ion of the fluid p r o p e r t i e s , the 
loop is divided into n i n c r e m e n t s . "Lumped p a r a m e t e r " r e p r e s e n t a t i o n 
is used for e v e r y i nc remen t , and the fundamental equat ions desc r ib ing the 
behavior of each segmen t a r e gene ra l ly e x p r e s s e d in t e r m s of the inlet , 
outlet , and a v e r a g e p r o p e r t i e s of the fluid in that i nc remen t . 

The loop is sec t iona l ized in the z - d i r e c t i o n by division into 
n i n t e r v a l s , not n e c e s s a r i l y evenly spaced. The m e s h i n c r e m e n t is given by 

Azn = ^n - ^n- i 

Condit ions a r e evaluated at a number of t i m e s during the t r ans i en t : 
t(0) = 0, t ( l ) , . . . t ( j ) , . . . t ( j + l) . The t ime s teps At(j) a r e not n e c e s s a r i l y 
evenly spaced: 

At(j) = t(j) - t(j - 1) 

The ana lys i s is divided into two ma in p a r t s - s teady s ta te and t r a n 
sient . In the s t e a d y - s t a t e ana lys i s , the t he rmodynamic p r o p e r t i e s in each 
con t ro l vo lume and the m a s s ve loc i ty preva i l ing throughout the s y s t e m 
b e c a u s e of the s t e a d y - s t a t e heat input a r e ca lcula ted by the computer and 
s to red . These quant i t ies wil l be used as in i t ia l condit ions in the t r a n s i e n t 
ana lys i s which ca l cu l a t e s the main independent v a r i a b l e s (h, G, and p) at 
t ime t + At in t e r m s of the quant i t ies at t ime t after the s tep i n c r e a s e in 
heat input. 

The s t e a d y - s t a t e quant i t ies a r e evaluated f rom the t r a n s i e n t equa
tions by s t a r t i ng f rom given inlet coolant p r o p e r t i e s and an a s s u m e d m a s s 
ve loc i ty and mainta in ing constant heat input and h e a t - e x t r a c t i o n levels 
dur ing the s u c c e s s i v e t ime s teps unti l a l l the ca lcula ted quant i t ies con
v e r g e to within a p r e s c r i b e d e r r o r . It should be noted that h e r e t ime is 
used a s a dummy v a r i a b l e - only as a m e a n s to d e t e r m i n e the s t e a d y - s t a t e 
quan t i t i e s . 

The t r a n s i e n t ana lys i s cons i s t s of t h r ee main p a r t s : ( l) enthalpy 
ca l cu la t ions , (2) m a s s - v e l o c i t y ca lcu la t ions , and (3) p r e s s u r e ca lcu la t ions . 
The s ta te p r o p e r t i e s (h, p, and p) a r e ca lcu la ted at t ime t + At f rom the 
in i t i a l spa t i a l d i s t r ibu t ion of these p r o p e r t i e s , ca lcula ted for the s teady 
s ta te , and the value of m a s s ve loc i ty G at t ime t. These p r o p e r t i e s a r e 
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then held constant during the calculation of mass velocity. If the system 
density distribution is known at time t + At, the mass velocity is calculated 
at time t + At. After this calculation, the mass velocity is examined for 
convergence. If the mass velocity has converged, another step increase in 
heat input is made and the calculations repeated. This procedure is con
tinued until the mass velocity fails to converge or a specified heat input 
has been reached. 

Following the procedure outlined by Nahavandi,(5 l) the energy and 
transport equations are used to calculate the average and exit coolant 
enthalpies for each segment, respectively, at time t + At as a function of 
quantities at time t. The energy equation, Eq. (III-3), when expressed in 
finite-difference form and solved for the average enthalpy of the fluid in 
the increment at time t + At, is as follows: 

hnO + 1) = hn(j) + = ^ { ( Q A U J ) + | g [hn,i(j) - hn ,e{ l ) ]} - ( n i - H ) 

The energy equation for the adiabatic sections of the loop, in finite-
difference form, can be simply derived from Eq. (ill-13) by neglecting the 
heat addition term: 

hn(j + l) = hn(j) + ^ ) { | S [ V i ( j ) - hn ,e ( j ) ]} • d" -1^) 

For the purpose of developing the transport equations, it is assumed 
that the enthalpy distribution along the flow path in each segment is linear. 
For any increment, one may write 

hn(t) = 7 [ h n , i ( t - i T ) + h „ , e ( t + 7 T ) ] , (ill-15) 

where 

T = p ^ A z ^ G . (Ill-16) 

Expansion of the above equation in Taylor Series, neglect of the second-
order terms, and putting the result in finite-difference form yields 

hn,e(j + l) = hn.eO) + -f [^hnO) " K.eij) " hn,i{j)] + hn(j + l) - hn(j) = 

hn,e{j + l) = hn+ i(j + l) . (Ill-17) 
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To obtain the mass velocity at time t + At, the momentum equa
tion, Eq. (III-5), is written in finite-difference form as follows: 

G(j + 1) = G(j) + - ^ [Ap(j + 1) - F(j)] . (m-18) 

Functions describing wall-friction observations in steady-state 
pressure-drop experiments are supplied by means of empirical equations: 

F(i) = N(j) ^ f P . N, . (111-19) 

The pressure at time t + At is obtained by assuming a constant 
volume and mass system exists. The increase in specific volume of the 
fluid at time (j + l) is used to compute the pressure at (j + l). An approxi
mate modulus of elasticity is used to calculate the pressure change. 
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CHAPTER IV 

EXPERIMENTAL APPARATUS 

A test apparatus was constructed to investigate the instability 
character is t ics of a natural-circulation loop operating near the thermo
dynamic cri t ical point of the system fluid. The loop geometry was pat
terned after that of Schmidt, Eckert, and GrigulU^'?) and of Holman and 
Boggs.(l9) The main criterion of the design was that the flow passage be 
as smooth and free of obstructions as possible. 

Two loops were constructed with the major difference between the 
two being 5.33 ft of vert ical height to provide a higher flow rate and to 
provide increased volume to reduce the severity of the p re s su re surges . 

The experimental data required were time histories of mass veloc
ity and of density variations around the loop. To this end, instrumentation 
was provided to obtain data from which the mass velocity and density 
could be calculated. In addition, the wall temperatures of the test section 
were measured to furnish data for calculations of the heat- t ransfer 
coefficient. 

The test apparatus (see Figs. 4-8) consisted of a closed, constant-
area circulatory system made of stainless steel type 304, commercial ly 
drawn tubing, with an inside diameter of 0.93 in. and a 0.035-in. wall 
thickness. The oval shape was chosen to avoid sharp bends which would 
increase the momentum pressure head loss and thus reduce the mass flow 
rate . The flow path length, measured along the pipe axis, was 28 ft for 
the small loop, designated as Loop No. 1, and 38 ft for Loop No. 2. The 
two volumes, exclusive of associated tubing, were 0.129 and 0.180 ft^. 
The heating power was supplied by a 70-kva Sciaky Ignitron Contactor 
whose output voltage could be varied from zero to 45 v continuously. The 
electric power was dissipated in the test section, which acted as a r e 
sistance element and which was cooled by the flow of the test liquid in 
natural circulation. Heat removal was provided for by a concentric-tube 
cooler through which tap water flowed. 

Component Description 

An assembly drawing of the heating section is shown in Fig. 9. 
Copper blocks were silver soldered to the ends and connected to the out
put of the Sciaky power supply. Electr ical insulation from the res t of the 
loop was provided by Durabla gaskets and washers . 
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DURABLA INSULATIHO 
GASKET 

I" X 300 lb LAP-
JOINT FLANGE, 
TYPE 3147 SST 

TUBE. TYPE 30N SST 

I" X 300 lb WELDING 
NECK FLANGE, 
TYPE 3117 SST 

21" LENGTH X ll' 0.0. X 1" I.D. 
2 M 

BUSHING, TYPE 304 SST 

Fig. 9. Assembly Drawing of Test Section 

To protect personnel and the test section, several automatic safety 
features were included in the apparatus: 

(1) overpressure protection by means of a rupture disc; 

(2) shutdown of electrical power if the system pressure exceeds 
a preset pressure; 

(3) burnout detector. 

Rupture-disc breaks and electrical-power shutdown by the p ressu re cutout 
switch were encountered several times in the experimental program. 
Burnout detection was based on visual observation of the test-sect ion tem
peratures on two potentiometric-type temperature indicators. Although 
the response time of the indicators was slow, the heat fluxes were low 
enough that manual reduction of power was sufficiently fast to prevent over
heating the heater tube when burnout conditions were encountered. 

The 5-ft-long cooling jacket was welded to the tube (see Fig. lO). 
No allowance was made for the uneven thermal expansion between the 
jacket and the tube. Cooling was with tap water. The inlet and outlet tem
peratures and the volumetric rate of flow of the cooling water flowing 
through the heat exchanger was measured to provide data for a heat-
balance check on the energy input to the system. The temperatures were 
measured with chromel-alumel thermocouple probes placed in the water 
lines. The volumetric flow rate was measured with a calibrated Flowrator. 
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Two F l o w r a t o r s with r a n g e s of 0 to 0.6 and of 0 to 10.0 gpm w e r e connected 
in p a r a l l e l on the w a t e r - i n l e t line to m e a s u r e the volume r a t e of wa te r 
flow. Inlet wa te r flow was to have been cont ro l led by an a i r - a c t u a t e d valve 
s laved to a t he rmocoup le s ignal or ig inat ing at the inlet to the t e s t sect ion, 
but opera t ing exper i ence led to manua l cont ro l . The cooling capac i ty of 
the coole r was found to be excess ive under some opera t ing condit ions and 
insufficient for o t h e r s . This effect wil l be explained in m o r e de ta i l in 
Chapter V. 

PIPE COUPLING 

TYPE 30U SST 

Fig . 10. Heat Exchanger Detai l 

Al l F r e o n - 1 1 4 bulk t e m p e r a t u r e s w e r e m e a s u r e d with b a r e 
30-gauge c h r o m e l - a l u m e l the rmocouple p robes in the fluid s t r e a m . The 
p robes w e r e posi t ioned pe rpend icu la r ly to the tube ax is , with the t ip at 
the tube c e n t e r l i n e . This posi t ioning was accompl i shed by using a Swage-
lock union in which a l / S NPT x 3 / l 6 Swagelock ma le connector had been 
a r c - w e l d e d on one of the flats of the hex body (see Fig . l l ) . The inlet 
t h e r m o c o u p l e s for the t e s t sect ion and cooler were placed immed ia t e ly 

' r SWAGE LOCK F I T T I N G 

112-2327 

Fig . 11- Bulk Thermocouple and Static P r e s s u r e Tap Instal la t ion Detai ls 
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upstream of these components. The outlet thermocouples were placed ap
proximately 20 diameters from the exit. This placement assured that the 
temperatures were measured at points where the velocity and temperature 
profiles were constant, or nearly so, across the tube. 

All bulk temperature thermocouples were calibrated ina hypsometer-
type apparatus. In this apparatus, the p ressu re could be varied from 0 to 
2500 psig, giving a continuous range of calibration temperatures to 660°F. 
The thermocouples used in this experiment were calibrated in the range 
from 200 to 500°F. No significant deviation of the thermocouple emf from 
the tables of the manufacturer were noted; hence, the tabulated values of 
emf versus temperature were used. 

A Minneapolis-Honeywell "Visicorder" continuously recorded the 
thermocouple emf's. The dc signal from the thermocouple was amplified 
one thousand times by a t ransis tor amplifier before recording. It was not 
possible to detect temperature fluctuations of less than about 1°F because 
for small signal fluctuations the pickup noise level was comparable to the 
signal. The thermocouples had good frequency response, the t ime constant 
being about 8 to 20 ms. The time constant was deduced by comparing the 
30-gauge bare-wire thermocouples with 28-gauge bare-wire thermocouples 
which had been tested for response and which were found to be in this 
range (see Ref. 15). 

Outside surface temperatures of the heater section were measured 
with chromel-alumel thermocouples discharge welded to the outside of the 
section. All wall thermocouples were wrapped two turns around the tube, 
to minimize any conduction e r r o r s , and secured in place by wrapping with 
glass tape. 

Several thermocouples were inserted in the insulation surrounding 
the loop to check the heat loss to the environment. This knowledge about 
the test section was of particular importance in order to cor rec t energy 
input to the system fluid. 

Energy Input 

The energy input to the test section was measured with a precision 
Weston portable wattmeter with a range of 0-500 w and an accuracy of 
0.25 per cent of full scale. As a check of the values obtained, the heat 
generation was also determined by the product of the voltage E across 
the test section and the current through it. The current was reduced with 
a current transformer with ratios of 5:2000 and 5:4000 and read on a cali
brated ammeter . Voltage drop along the test section was measured with a 
Weston portable voltmeter with a range of 0-30/75 v and an accuracy of 
0.25 per cent of full scale. 
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The heat flux dens i ty of the t e s t sec t ion is only a function of the 
to ta l r e s i s t a n c e and the h e a t - t r a n s f e r a r e a Ajj, and is shown by the follow
ing equat ions : 

O / A - — — 1 Btu 
/ ^ " A H R 1 1.054 kw-sec ' 

K" = P L / A . (IV-1) 

Flow M e a s u r e m e n t 

To obtain indicat ion of t r a n s i e n t flow, a P o t t e r m e t e r was or ig ina l ly 
ins ta l led in the loop. The P o t t e r m e t e r is a vo lume t r i c f l ow-measu r ing 
t r a n s d u c e r with a d igi ta l e l e c t r i c a l s ignal output whose frequency (cps) is 
d i r ec t ly p r o p o r t i o n a l to flow r a t e . Each pulse r e p r e s e n t s a d i s c r e t e 
volume for flow to ta l iza t ion . This method of flow m e a s u r e m e n t was found 
to be unsa t i s f ac to ry because the P o t t e r m e t e r ro to r would become s tuck 
after a few h o u r s of opera t ion . Inspect ion of the P o t t e r m e t e r upon r e 
mova l f rom the loop r evea l ed no significant depos i t s or c o r r o s i o n . Two 
P o t t e r m e t e r s w e r e t r i ed before abandoning this method of flow m e a s u r e m e n t . 

Since a v e n t u r i can be used to m e a s u r e flows with a high d e g r e e of 
a c c u r a c y and i ts a c c u r a c y is not affected to as l a r g e a d e g r e e by c o r r o 
sion or depos i t s as some of the other m e t e r s , th is type of equipment was 
used as the f l ow-measu r ing device . The ven tu r i was chosen over the 
mechan ica l l y s i m p l e r th in -p la te or i f ice because of i ts h igher p r e s s u r e 
r e c o v e r y . The flow r a t e in the loop could v a r y over wide l imi t s , and, 
hence , the v e n t u r i was s ized to obtain p r e s s u r e d rops of r e a sonab l e m a g 
ni tudes at the expected high and low flow r a t e s . The ven tu r i was designed 
accord ing to the p r i n c i p l e s set forth in Ref. (48). The de ta i l s of the des ign 
a r e shown in F ig . 12. 

The flow p r e s s u r e d rop in the ven tu r i was m e a s u r e d by two methods : 
( l ) a m a n o m e t e r containing a fluid of 2.95 specific grav i ty was used for 
s t e a d y - s t a t e r u n s , and (2) a d i f ferent ia l p r e s s u r e t r a n s d u c e r Stathan 
Model P M 80 TC, 0-5 psig was used for the t r a n s i e n t r u n s . The s ignal 
f rom the t r a n s d u c e r , connected by shor t l ines to the p r e s s u r e t aps , was 
r e c o r d e d by the V i s i c o r d e r . This a r r a n g e m e n t gave rap id r e s p o n s e to a 
change in the flow r a t e as m a d e evident by the change in the p r e s s u r e drop . 
The a c c u r a c y of the di f ferent ia l p r e s s u r e t r a n s d u c e r was 0.25 pe r cent 
full s ca l e . Non l inea r i tyand h y s t e r e s i s w e r e l e s s than 0.1 per cent. 

Sys t em p r e s s u r e s at four points (see F ig . 4) in the s y s t e m could 
be m e a s u r e d by m e a n s of p r e s s u r e t r a n s d u c e r s or by a Heise bourdon 
tube p r e s s u r e gauge. Connection to the s y s t e m was by m e a n s of a 
l / 8 N P T X l / 4 - i n . Swagelock ma le connector a r c - w e l d e d to the Swagelock 
union (see F ig . l l ) . The p r e s s u r e t r a n s d u c e r s w e r e used for the t r a n s i e n t 
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measurements while the gauges were used for steady-state operation. The 
Heise gauges had a calibrated accuracy of 0.1 per cent of the full-scale 
reading. All pressure tap lines were cooled in a counterflow water cooler 
to insure that the instrument lines were always full of liquid and that the 
temperature limit of 250°F of the fluid in contact with the t ransducers was 
not exceeded. The accuracy of the absolute p ressure t ransducer was 
0.25 per cent full scale. Nonlinearity and hysteres is were less than 
0.1 per cent. 

SIHENSIONS IN INCHES 

OVERALL LENQTH 11.4 

Fig. 12. Venturi Detail 

The accuracy of the amplifying and recording instrument was suf
ficient to introduce no appreciable e r ro r in the recorded quantities. 

Before beginning a ser ies of runs, the bucking voltage-amplifier 
recorder combination was checked by introducing a calibrated signal in 
place of the usual signal. Any variation of the recorded signal with r e 
spect to the input signal was corrected by adjusting the gain in the ampli
fier. In this manner the performance of the recording unit could be checked 
and adjusted. 

It was possible to raise the system pressure by two methods: 
(l) heating the constant-volume system, or (2) use of a nitrogen bag ac
cumulator. The method of raising the p ressu re during warmup is discussed 
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in Chapte r V. A p r e s s u r i z i n g s y s t e m was included to i n su re that the loop 
was a lways filled comple te ly with liquid before the s t a r t of heat ing and to 
m a k e con t ro l of the s y s t e m p r e s s u r e e a s i e r . 

The a c c u m u l a t o r was a l so intended to damp fluctuations in the s y s 
t e m p r e s s u r e and a b s o r b the vo lume t r i c expansion of the F r e o n as the 
t e m p e r a t u r e was r a i s e d . Without the au tomat ic p r e s s u r e con t ro l effected 
with the hydrau l ic a c c u m u l a t o r , cont inual bleeding of the s y s t e m cha rge 
was n e c e s s a r y to keep a given p r e s s u r e in the sys t em. Also, the heat 
input and r e m o v a l r a t e s had to be cont ro l led much m o r e c lose ly . The 
hydrau l ic a c c u m u l a t o r was a G r e e r 2-|- - g a l bal loon type with n i t rogen on 
the gas s ide . The t e s t fluid en te red the s t ee l tank and col lapsed the gas 
bag when the p r e s s u r e i n c r e a s e d , while the gas bag expanded and pushed 
the t e s t fluid into the s y s t e m when the s y s t e m p r e s s u r e d e c r e a s e d . 

T h r e e n i t rogen bot t les were connected in p a r a l l e l with the g a s - s i d e 
volume to r e d u c e the p r e s s u r e r i s e in the gas side b e c a u s e of the liquid 
expansion on the liquid s ide . To min imize the liquid expansion, the s y s t e m 
was filled with jus t enough liquid to allow p r e s s u r i z a t i o n . This was a c c o m 
pl ished by filling the s y s t e m with some a r b i t r a r y amount of fluid and then 
checking to see if the s y s t e m would p r e s s u r i z e . If it would, then fluid was 
bled f rom the s y s t e m unt i l the p r e s s u r e began to fall. At this point, the 
s y s t e m contained the m i n i m u m amount of liquid which would allow p r e s 
su r i za t ion . To i n s u r e that the t e m p e r a t u r e of the liquid in the accumula to r 
did not exceed the opera t ing t e m p e r a t u r e of 250°F, the line f rom the loop 
to the a c c u m u l a t o r was run through a wa te r cooler . 
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CHAPTER V 

EXPERIMENTAL PROCEDURE 

Before beginning the e x p e r i m e n t a l w o r k , the loop was h y d r o s t a t i c a l l y 
t e s t e d at 1000 p s i and checked for l e a k s . When a l l l e a k s w e r e s topped , the 
s y s t e m , which had been c l eaned with t r i c h l o r o e t h a n e so lven t d u r i n g a s s e m b l y , 
was evacua ted to r e m o v e the a i r . 

The loop and a s s o c i a t e d tubing was then f i l led by bo i l ing the F r e o n -
114 into the loop. This was a c c o m p l i s h e d by adding hea t to the F r e o n - 1 1 4 
c o n t a i n e r with w r a p - a r o u n d r e s i s t a n c e h e a t e r s and i n f r a r e d h e a t i n g l a m p s , 
thus r a i s i n g the t e m p e r a t u r e and p r e s s u r e of t he c o m b i n e d loop and 
F r e o n - 1 1 4 - s u p p l y cy l inde r s y s t e m ( see F i g . 5) . Hea t was added unt i l the 
t e m p e r a t u r e of the F r e o n - 1 1 4 in the c o n t a i n e r w a s at the s a t u r a t i o n t e m 
p e r a t u r e c o r r e s p o n d i n g to the p r e s s u r e in the c y l i n d e r and loop . At the 
s a m e t i m e , cooling w a t e r was p a s s e d th rough the c o o l e r in the loop , so that 
the F r e o n - 1 1 4 d i s t i l l ed into the loop condensed to t he l iquid s t a t e . After the 
loop was fi l led, the s y s t e m p r e s s u r e was r a i s e d wi th the a c c u m u l a t o r , and 
a l l m a n o m e t e r and t r a n s d u c e r s l ines w e r e b l ed to r e m o v e any a i r which 
migh t s t i l l be in the s y s t e m . 

To d e t e r m i n e the c h a r g e of the s y s t e m (pounds m a s s of F r e o n - 1 1 4 
in the c o n s t a n t - v o l u m e s y s t e m ) u s e was m a d e of the t h e r m o d y n a m i c t a b l e s 
for F r e o n - 1 1 4 . After a p a r t i a l f i l l ing o r b l eed ing of the s y s t e m , it w a s n e c 
e s s a r y to m e a s u r e the p r e s s u r e and t e m p e r a t u r e of the s y s t e m in a p h a s e 
r eg ion in which the p r e s s u r e and t e m p e r a t u r e a r e independen t t h e r m o d y 
n a m i c c o o r d i n a t e s . With t h e s e two c o o r d i n a t e s , the spec i f ic v o l u m e could 
be obtained f rom the t a b l e s . Then, s ince the t o t a l v o l u m e of t he s y s t e m 
was known, the c h a r g e could be ca l cu l a t ed f rom the equa t ion 

r-. Volume of s y s t e m , ft'' 
C h a r g e -̂̂^ k-, 

Specific Vo lume , f t^ / lb j^ 

In an e x p e r i m e n t a l loop, such a s Schmid t ' s , ( 37 ) i^ which a l l t he h e a t i n g was 
in the t w o - p h a s e r eg ion w h e r e p r e s s u r e and t e m p e r a t u r e a r e dependen t c o 
o r d i n a t e s , it was n e c e s s a r y to weigh the fluid as the loop was f i l led to o b 
t a in the s y s t e m c h a r g e . 

T h r e e p r o c e d u r e s could be u s e d to s t a r t the loop in o p e r a t i o n f rom 
n o r m a l r o o m t e m p e r a t u r e s . The cho ice of s t a r t u p p r o c e d u r e depended on 
the c i r c u m s t a n c e s of a p a r t i c u l a r t e s t . T h e s e p r o c e d u r e s w e r e : 

(1) C h a r g e the s y s t e m with a m a s s of fluid which upon h e a t i n g 
would expand to the c r i t i c a l vo lume at the c r i t i c a l p r e s s u r e and t e m p e r a 
t u r e . Smce the c r i t i c a l vo lume is a p p r o x i m a t e l y o n e - t h i r d the l iqu id 
s a t u r a t i o n vo lume for m o s t f luids at o r d i n a r y r o o m t e m p e r a t u r e s and 
p r e s s u r e s , it would be n e c e s s a r y to fill the s y s t e m about o n e - t h i r d full in 
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o r d e r to r e a c h the c r i t i c a l point . The heat ing p r o c e s s can be followed on 
the T-S d i a g r a m as a cons t an t -vo lume l ine . This was the p r o c e d u r e used 
by Schmidt , E c k e r t , and Grigul l . (37) h th is c a s e , mi ld heat ing r a t e s only 
can be applied unt i l the s y s t e m r e a c h e s the opera t ing t e m p e r a t u r e and 
p r e s s u r e r a n g e . In th i s method of hea t ing , the fluid is en t i r e ly in the two-
phase or supe rhea t ed r e g i o n s . The f i r s t and only a t tempt in th is e x p e r i 
m e n t a l p r o g r a m at s t a r t ing opera t ion of the loop by th is method r e s u l t e d 
in a r u p t u r e of the t e s t sec t ion due to ove rhea t ing . 

(2) F i l l the s y s t e m comple te ly with fluid. To obtain a d e s i r e d 
p r e s s u r e , b leed p a r t of the fluid back into the supply tank as the fluid ex
pands upon hea t ing . This method al lows heat ing to the c r i t i c a l t e m p e r a t u r e 
along the s a t u r a t e d liquid l ine . Above the c r i t i c a l t e m p e r a t u r e , the heat ing 
cont inues in the s u p e r c r i t i c a l r eg ion . An a l t e rna t ive to pa r t i a l l y bleeding 
off the s y s t e m c h a r g e would be to adjust hea t input or heat r e m o v a l in o r d e r 
to br ing the s y s t e m to the d e s i r e d opera t ing point . This was the p r o c e d u r e 
used by Holman and Boggs.(19) 

(3) F i l l the s y s t e m comple te ly with fluid by p r e s s u r i z i n g with an 
a c c u m u l a t o r to the d e s i r e d opera t ing p r e s s u r e . As the fluid is hea ted , it 
expands into the a c c u m u l a t o r , which holds the sys t em p r e s s u r e cons tan t . 
This was the ma in p r o c e d u r e used in th is inves t iga t ion . A va r i a t i on of th is 
p r o c e d u r e is to p r e s s u r i z e by m e a n s of an ex t e rna l pump or a c c u m u l a t o r , 
then c lose the connect ing va lve . The ini t ia l p r e s s u r e set t ing is main ta ined 
by ba lanc ing the heat ing and cooling r a t e s , and by p a r t i a l bleeding of the 
s y s t e m c h a r g e . This was the p r o c e d u r e used by Van Put te and Grosh.(38) 

It i s known f rom e x p e r i m e n t a l work that , as the c r i t i c a l reg ion is 
approached , a l a r g e d e c r e a s e in dens i ty at a constant p r e s s u r e is encoun
t e r e d . A l a r g e dens i ty d e c r e a s e (specific volume i n c r e a s e ) in a cons t an t -
volume s y s t e m will r e s u l t in a l a rge p r e s s u r e i n c r e a s e . To p reven t the 
p r e s s u r e i n c r e a s e , it is n e c e s s a r y to reduce the m a s s of the s y s t e m or to 
p rov ide addi t ional volume for the expansion. F r o m p r e l i m i n a r y opera t ing 
expe r i ence it was found that in the c r i t i c a l reg ion it was difficult to m a n i p 
ulate the con t ro l s fast enough to p reven t the development of a l a rge p r e s 
s u r e s u r g e . It was then decided to use an accumula to r p r e s s u r i z i n g s y s t e m 
with a l a r g e su rge c h a m b e r on the n i t rogen side of the a c c u m u l a t o r . It was 
a s s u m e d that the addit ion of the accumula to r would not affect the loop o p e r 
at ion except to r e d u c e the p r e s s u r e changes encountered in the c r i t i c a l 
r eg ion . 

The p r e s s u r i z e r s y s t e m was connected to the loop through -5-in. 
tubing for Loop No. 1. This was found to be unsa t i s f ac to ry because of the 
t ime de lay due to the r e s t r i c t e d fluid flow in the sma l l line dur ing a p r e s 
s u r e t r a n s i e n t ; th i s p reven ted the accumula to r f rom functioning effectively 
except for v e r y slow t r a n s i e n t s . In the second loop, the p r e s s u r i z e r was 
connected to the loop through | - i n . tubing, which allowed a much fas t e r 
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response of the accumulator. Even this arrangement proved ineffective in 
damping the high-frequency p ressu re oscillations, although it functioned 
much more effectively than the first arrangement for p re s su re surges of 
lower frequency. 

Addition of the p ressur ize r system made three methods available 
to maintain the system at a constant p r e s s u r e . (1) Freon-114 could be bled 
from the system back to the supply reservoi r (but not added); (2) it was 
possible to inject or remove fluid from the circulating system with the 
pressur izer system by raising or lowering the nitrogen p re s su re in the ac
cumulator bag; and (3) heat input exactly balanced against heat removal . 
Changes in system pressure could be effected by any of the three methods; 
however, the second method was pr imari ly used. 

Operation of the loop was begun by pressur iz ing the system to the 
desired operating p ressu re . A low rate of heating power was applied to 
the test section to start the fluid flowing. Cooling water flow was not 
turned on until the fluid in the loop had been heated to near the operating 
temperature. After approximately 5 min of heating at 1 - 2 kw, the power 
would be increased by 2-kw increments to the desired operating power. 

With the accumulator in the system to absorb the volume increase 
due to heating, the system essentially operated at a constant p re s su re ex
cept for small fluctuations about the mean. This left only two variables to 
vary in running the test program: the system pressu re , and the heat added 
or removed. Therefore, a ser ies of runs could be made at a constant p re s 
sure with variable heat input, or a constant heat input could be maintained 
and the pressure varied. The third controlling variable was the regulation 
of the inlet temperature by controlling the cooling water flow ra te . This 
was the pr imary method of controlling the inlet temperature once the 
p ressure and heat input were set. 

Visual observation of the recorded fluid tempera ture , p re s su re drop 
across the venturi, and system pressure was maintained. This capability 
was a very important factor in this test program. Since the compressed-
liquid region was the main thermodynamic region of interest in this investi
gation, a knowledge of temperature and pressure gave the thermodynamic 
state of the system at all t imes . This knowledge of the thermodynamic 
state of the fluid at various points in the loop made much eas ier the manip
ulation of the system pressure and heating rate to obtain a given the rmo-
dynamic state. 

• -^'"T- '1^"^ P " " P ° " ^ °^ th- experimental program were to define the 
region in which the pressure and flow fluctuations occurred and to find the 
cause, the est program was of an exploratory nature. Considerable latitude 
was possible m running the test program since the variables which defined 
the thermodynamic state of the system and the flow measurements were 
being continuously recorded and thus could be rechecked at any time 
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Ini t ial exp lo ra to ry runs r evea led the uns table condition to be 
s t rongly dependent upon the inlet and outlet t e m p e r a t u r e s of the fluid in 
the h e a t e r sec t ion at a constant power input; that i s , the f luctuat ions could 
be a s s o c i a t e d with the t h e r m o d y n a m i c s ta te of the s y s t e m fluid. The t e s t 
p r o g r a m was then concen t ra t ed on finding a functional r e l a t i onsh ip . 

As the fluid was hea ted to the c r i t i c a l reg ion , a rap id f luctuation 
in flow and p r e s s u r e would be encoun te red . The frequency of these 
f luc tuat ions , in the range f rom 10 to 20 c p s , "were e s sen t i a l l y independent 
of the hea t ing r a t e . The magni tude of the f luctuations depended to some 
extent on the heat ing r a t e : a h igher heat ing r a t e r e s u l t e d in l a r g e r f luctu
a t ions . At p r e s s u r e s f rom the c r i t i c a l to about 40 ps i above c r i t i c a l , the 
f luctuat ions w e r e encoun te red when the exit t e m p e r a t u r e of the fluid in 
the t e s t sec t ion r anged f rom 280 to 285°F, t e m p e r a t u r e s lO- lS^F below the 
c r i t i c a l t e m p e r a t u r e , 294.26°F. Hence, the phenomena could not be a t 
t r ibu ted to the c r i t i c a l point but r a t h e r to a c r i t i c a l reg ion . 

F luc tua t ions encounte red when heat ing from below c r i t i c a l t e m p e r 
a t u r e s at a cons tant s y s t e m p r e s s u r e could be d e c r e a s e d or e l imina ted by 
lower ing the s y s t e m p r e s s u r e . Thus , the f luctuat ions depended on the s y s 
tem p r e s s u r e as \vell as the t e m p e r a t u r e of the fluid. 

The fact that f luctuat ions w e r e encountered at t e m p e r a t u r e s below 
the c r i t i c a l t e m p e r a t u r e p r e s e n t e d a p r o b l e m in getting to the c r i t i c a l t e m 
p e r a t u r e . In one p r o c e d u r e , heat was added at low power inputs (to p r o 
vide s m a l l e r magni tude of f luctuat ions) while the cooling wate r was off to 
b r ing the s y s t e m t e m p e r a t u r e to n e a r the c r i t i c a l t e m p e r a t u r e ; th is method 
would take as long as one hour to r e a c h the c r i t i c a l condit ion. In the s e c 
ond method , hea t was added rap id ly dur ing t r ans i t i on through th is reg ion 
of ins tab i l i ty , by leaving the cooling wa te r off and using high power inputs 
to r a i s e the s y s t e m t e m p e r a t u r e rap id ly . Once the fluid was hea ted to the 
point that the c r i t i c a l t e m p e r a t u r e was r eached somewhere along the hea ted 
sec t ion , the loop ope ra t ed s tably . The m a s s veloci ty would be cons ide rab ly 
h ighe r . 

It was thus d e t e r m i n e d that two reg ions of s table opera t ion could be 
defined. One reg ion was defined when the outlet t e m p e r a t u r e of the h e a t e r 
sec t ion was below a c e r t a i n t e m p e r a t u r e r ange , which will be ca l led the 
t r a n s i t i o n t e m p e r a t u r e r a n g e ; the t r ans i t i on t e m p e r a t u r e range depended 
on the s y s t e m p r e s s u r e . The other reg ion was defined when the inlet t e m 
p e r a t u r e to the t e s t sec t ion was above the t r ans i t i on t e m p e r a t u r e r a n g e . 

Once the fluid t e m p e r a t u r e had been hea ted pas t the t r a n s i t i o n t e m 
p e r a t u r e reg ion and the loop was opera t ing s tably, flow of cooling wa te r 
could be i n c r e a s e d to r educe the inlet t e m p e r a t u r e and p rec ip i t a t e another 
mode of uns tab le ope ra t ion . This t ime the f luctuat ions would be in the f r e 
quency range of 0.1 to 0.5 c p s , and w e r e analogous to the "coffee p e r co l a t o r 
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effect" observed in two-phase sys tems. Further lowering of the inlet t em
perature would result in the transit ion back to fluctuations of higher 
frequency. 

When operating in the near -c r i t i ca l region at low power inputs, 
it was found that under certain conditions the wall temperature of the test 
section would decrease by about 50°F, indicating some improvement in 
the heat- transfer coefficient. This condition usually occurred when the 
inlet temperature of the system fluid was such that further increase in 
the inlet temperature resulted in an increased flow ra te . Likewise, a de
crease in the inlet temperature with the resultant decrease in flow rate 
resulted in a r ise of the test-sect ion wall t empera ture . 

A few exploratory runs were made at subcrit ical p re s su res in which 
the fluid entered the test section as a compressed liquid and left in a super
heated state. With the smaller loop. Loop No. 1, this mode of operation r e 
sulted in large pressure and flow fluctuations of the percolator type. By 
decreasing the flow of cooling water, the fluid could be made to pass to the 
superheated region entirely. Runs in this region were quite stable, but 
much higher wall temperatures were encountered as would be expected, 
since in this region the vapor heat- transfer coefficient is much lower. 

The problem of cooling the test fluid mentioned in Chapter IV will 
now be explained in detail. When the fluid temperature was below the 
crit ical temperature, high power inputs (say 14 kw) would not permit the 
cooler to remove the heat input at the highest possible flow rate (10 gpm) 
of cooling water. As a consequence, the fluid temperature at the inlet to 
the test section would continue to r i se . In the cri t ical region a flow rate 
of less than 0.5 gpm was sufficient to maintain a constant inlet t empera
ture at the same 14-kw power input. This wide variation in cooling r e 
quirements limited the steady-state test program in the regions of lower 
temperature to low power inputs (say 8 kw). 

sys 
The possibility of the spring effect of the accumulator exciting the 

, :tem fluctuations was investigated by closing the valve connecting the 
accumulator and the loop completely. This closing had no effect on the 
inception of the oscillations. If the system were oscillating, closing the 
valve had no effect. Hence, it was concluded that the presence of the 
accumulator in the system did not contribute to the oscillation mechanism. 
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CHAPTER VI 

E X P E R I M E N T A L RESULTS AND DISCUSSION 

The e x p e r i m e n t a l p r o g r a m was devised to inves t igate the opera t ion 
of a n a t u r a l - c i r c u l a t i o n loop in the n e a r - c r i t i c a l reg ion to de t e rmine where 
and why p r e s s u r e and flow f luctuat ions had been encounte red in s i m i l a r 
loops as r e p o r t e d in the l i t e r a t u r e . To this end, m e a s u r e m e n t s of t r ans i en t 
t e m p e r a t u r e , p r e s s u r e , and flow "were m a d e . A sximmary and d i scuss ion of 
the r e s u l t s a r e p r e s e n t e d in this chap te r . 

It was d i s c u s s e d in the p reced ing chapter that the o c c u r r e n c e and 
seve r i ty of the f luctuat ions noted s e e m e d to be s t rongly dependent upon the 
t he rmodynamic s ta te of the fluid in the loop. In o r d e r to define this t h e r m o 
dynamic s t a t e , the p roduc t s of densi ty and enthalpy along va r ious i s o b a r s 
were plot ted v e r s u s t e m p e r a t u r e (see Fig. 13). The s t imulus for this plot 
came f rom the fact that when the energy equation is wr i t t en for a cont ro l 
volume and the approx ima t ion that the enthalpy is equal to the in te rna l 
energy is m a d e , the densi ty and enthalpy appear as a product , i .e . . 

(Gh) inlet (Gh) exit - Q / A = (Az) -2- (ph) 
d t 

TEMPERATURE,°F 

Fig. 13. Dens i ty -Entha lpy P r o d u c t f o r Freon-114 along aLnlsobar 
as a Funct ion of T e m p e r a t u r e . ( P r e s s u r e s in Ibf/in?). 
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It is seen from Fig. 13 that the product of density and enthalpy has 
maximum values that shift with higher p ressures to higher tempera tures . 
It was noticed from the experimental results that the flow oscillations were 
most severe in the thermodynamic region in which the density-enthalpy 
product passed through its maximum value. In this region, as little as 1—kw 
was necessary to maintain a sustained flow oscillation. Approach of the 
maximum value from the left or low-temperature side resulted in flow and 
pressure oscillations in the 10-20 cps range; approach from the right or 
high-temperature side resulted in flow and pressure oscillations in the 
range from 0.1 to 0.2 cps. Since experimental resul ts indicated that the 
oscillations were dependent on system temperature and p ressure , the oc
currence of sustained flow oscillations in the region of the maximum in 
the (ph) product was another indication that the cause of the sustained flow 
oscillation was strongly dependent upon these thermodynamic variables . 

The significance of the ph product as a function of T or h is that 
it is a measure of the volume expansion of the fluid with heat addition. 
A change in the slope of the product signifies a different rate of volume 
expansion with heat addition, which, when introduced into the momentum 
equation, requires increased or decreased flows. 

A steady-state flow requires that the driving head remain constant 
with time. As the ph slope changes a condition is introduced in which the 
driving head must change with time. Hence, a sustained flow oscillation 
results if the condition which forces the change in driving head can be r e 
produced with time. 

r^ 1 ' \ ' r '^ r 

p = 520 p : 600 

h = 105 h = 88.2 

70 80 90 100 

ENTHALPY, Blu/ lbn 

The density-enthalpy 
product is a thermodynamic 
function of the fluid that can 
be determined if two indepen
dent thermodynamic properties 
are known. In this case, tem
perature and pressure are 
known. A change in the slope 
of the ph product versus T or 
h indicates a change in the 
rate of change of one of the 
quantities with respect to the 
other; that is , if p is plotted 
against h, there is a change 
in the slope of this curve at 
the point where the change in 
slope of ph occurred (see 
Fig. 14). 

Fig. 14. Isobars of Density-Enthalpy for 
Freon-114. 

The occurrence of 
the maximum in ph versus 
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T c o r r e s p o n d s to a change in slope of p v e r s u s h and hence to a change in 
d p / d h . It is seen f rom Eq. (II1-12) that an i n c r e a s e in d p / d h would r e s u l t 
in a g r e a t e r change in the loca l m a s s veloci ty dur ing a t r a n s i e n t . This will 
cause a change in the a v e r a g e m a s s veloci ty in the loop, followed by fur ther 
changes in the loca l dens i t i e s throughout the s y s t e m , s ince the t ime r a t e of 
change of densi ty depends on the m a s s veloci ty in addit ion to the hea t input. 

The phys ica l man i f e s t a t i on of the fluid under opera t ing condit ions 
in which the p h p roduc t changes slope is as follows. A posi t ive value for 
d (ph ) /dT m e a n s that the enthalpy i n c r e a s e is g r e a t e r than the densi ty d e 
c r e a s e ; hence , the fluid wi l l be a c c e l e r a t e d smoothly through the hea t e r 
sect ion. A negat ive value for this slope m e a n s that the densi ty i n c r e a s e is 
g r e a t e r than the enthalpy i n c r e a s e ; hence , the fluid wil l be a c c e l e r a t e d 
m o r e rap id ly in the h e a t e r sec t ion than in the p rev ious c a s e . 

However , t h e r e is a point at which the negat ive slope d e c r e a s e s to 
a s m a l l va lue . This in t roduces ano ther change in the r a t e of a c c e l e r a t i o n 
of the fluid wi th the hea t addit ion. 

The p r o b l e m a p p e a r s to be one of different r a t e s of a c c e l e r a t i o n of 
the fluid wi th hea t addit ion. In the nth cel l , the fluid a c c e l e r a t e s m o r e 
rapidly than in cel l n - 1 . This tends to d e c r e a s e the flow of fluid into cel l 
n - 1 . At the s a m e t i m e , the fluid that left the nth cel l wil l t r y to t r ave l at 
i ts exit veloci ty . In a c losed c i r c u l a t o r y s y s t e m with an a l m o s t i n c o m p r e s 
sible fluid, a t r a n s i e n t is c e r t a i n to develop. This is the sequence of events 
shown in F ig . 3(b). 

The o sc i l l a t o ry behavior in the n e a r - c r i t i c a l reg ion can be analyzed 
in t e r m s of the va r i a t i on of p with h. Under opera t ing condit ions in which 
the slope of p v e r s u s h is cons tant or nea r ly so , the loop ope ra t e s with no 
va r i a t i on in flow r a t e o ther than random f luctuat ions . Adjus tments of the 
opera t ing p a r a m e t e r s such as hea t input (heat r emova l ) , s y s t e m p r e s s u r e , 
and inlet t e m p e r a t u r e , which br ing the fluid in the loop to a point where 
fu r the r ad jus tment wil l r e s u l t in a change in slope of p v e r s u s h, in t roduces 
the poss ib i l i ty of an uns table condition. F u r t h e r ad jus tment of the sys t em 
p a r a m e t e r s , which r e s u l t s in a change of the slope of the p v e r s u s h cu rve , 
wil l r e s u l t in sus ta ined flow osc i l l a t i ons . 

The osc i l l a t ions become m o r e s eve re as the heat input is i n c r e a s e d 
and wi l l not subs ide until the fluid s ta te is changed f rom the reg ion in which 
the change in slope of the p v e r s u s h curve o c c u r s ; that i s , to prevent o s 
c i l l a t ions , the slope of the curve of p v e r s u s h should be as nea r ly constant 
a s poss ib le in the h e a t e r sec t ion , or in the hea t e r and r i s e r in the case of 
two-phase s y s t e m s . 
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The problem encountered in trying to operate with the system fluid 
at a condition such that a change in the density versus enthalpy slope occurs 
is the same as that encountered when the heat flux along the length of a 
channel is increased from its steady-state value to some higher value in a 
stepwise manner. The pressure immediately begins to r i se along the heater 
tube. This increase can be relieved by velocity changes, however, only 
around the entire loop. Fluid is expelled from the heater section more 
rapidly than at the steady state and is introduced at the inlet at a lower 
rate. These disturbances are propagated in their respective directions to 
the cold leg of the loop, and tend to reinforce and cancel each other at dif
ferent times during the subsequent transient. 

From examination of Eq. (III-12) and the physical experimental 
model, an explanation can be obtained for the two different frequencies of 
oscillation. It has been seen that changes in the value of l / p (dp/dh) lead 
to sustained flow oscillation. Comparison of theory and experiment leads 
to the conjecture that the portion of the tube in which the magnitude of the 
l /p (dp/dh) multiplier changes value is important. If this multiplier be
comes large in the upper portion of the tube, then the mass of fluid to be 
expelled from the heater section is small and can be accelerated rapidly 
by the buoyant force created by the heat addition. If this te rm becomes 
large in the lower portion of the heater tube, then the mass of fluid to be 
expelled from the heater section is large and cannot be accelerated as 
rapidly. In addition, the element of fluid is undergoing further expansion 
as it passes through the heater tube. Thus, it seems likely that the first 
case, in which small amounts of fluid are involved, could be corrected 
quickly, while the second case would take longer. 

22001 

240 

HEATER INLET TEMPERATURE, ^F 

Fig. 15. Effect of Inlet Temperature 
on Flow Rate 

The density and enthalpy 
changes of a fluid in the near-
critical region are larger with 
temperature and pressure than the 
changes encountered at lower 
pressures and temperatures (see 
Appendix B). In a natural-
circulation loop in which the flow 
rate is dependent on the heat input 
and the consequent density change, 
the density change with tempera
ture assumes a significant role in 
determining the flow rate . Figure 15 
shows a typical increase in flow 
rate at a constant heat input and 
pressure as the fluid temperature 
is increased. The data points 
were obtained in steady-state runs 
at a particular inlet temperature . 
The maximum in the curve occurs 
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at an inlet t e m p e r a t u r e below the c r i t i c a l t e m p e r a t u r e . The inlet t e m p e r a 
t u r e to the t e s t sec t ion at the m a x i m u m c o r r e s p o n d s to the t e m p e r a t u r e at 
the m a x i m u m in the dens i ty -en tha lpy product . As the inlet t e m p e r a t u r e is 
i n c r e a s e d pas t the t e m p e r a t u r e co r re spond ing to the m a x i m u m in the ph 
cu rve , the flow ra t e d rops sharp ly as a r e s u l t of the d e c r e a s e in the densi ty 
dr iving head. 

In F ig . 16 is show^n the r e l a t ionsh ip between m a s s flow ra t e and the 
input power to the h e a t e r at a constant inlet t e m p e r a t u r e . The ra te of in
c r e a s e of the m a s s flow r a t e d e c r e a s e s as the input power is i nc r ea sed . 
The explanat ion for this can be d e t e r m i n e d from examinat ion of the dens i ty -
t e m p e r a t u r e curve (see Appendix B). At 515 psia and inlet bulk t e m p e r a 
t u r e s in the 285-290°F r ange , the ave rage inlet densi ty to the t e s t sec t ion 
can be app rox ima ted by 57 Ibj^/ft^ to within 1 Ibj^/ft^. The outlet densi ty 
from the t e s t sec t ion wil l r ange f rom 54 to 28 Ibj^j/ft' a s the power is in
c r e a s e d f rom 4 to 17 kw. The r a t e of change of outlet densi ty d e c r e a s e s 
sharp ly a t the higher power inputs (higher outlet t e m p e r a t u r e s ) . This 
m e a n s that the dr iving head for flow c i rcu la t ion does not i n c r e a s e p r o p o r 
t ionately with the power input; hence, the m a s s flow curve tends to approach 
an a sympto t i c value which is d e t e r m i n e d by the slope of the dens i ty -
t e m p e r a t u r e cu rve , i . e . . 

5m 
SQ Constant as (-|^)_ Constant value 

8 10 12 

POWER INPUT - KW 

112-2209 
Fig. 16. M a s s Flow Rate as a Funct ion of Power Input 

at a Constant Inlet T e m p e r a t u r e 

As s ta ted above, the inlet bulk t e m p e r a t u r e to the hea te r sect ion 
c o r r e s p o n d e d to the t e m p e r a t u r e at the max imum of the ph curve at this 
p r e s s u r e . This curve then r e p r e s e n t s the upper l imit ing value of the flow 
r a t e which could be obtained in this loop. 
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Under some conditions, the wall tennperature of the test section 
increased or decreased by 50°F, a condition generally occurring in the 
region in which the maximum flow occurred. The wall temperature of the 
test section would decrease as the flow began to increase. After the 
maximum flow occurred, the wall temperature would again increase as the 
flow decreased. This latter condition would have resulted in a burnout had 
the heating been continued. However, in order to continue the experimental 
work, the power would be reduced when the maximum in flow had occurred. 

In Fig. 17 is shown what will be termed a power instability. The 
power input to the test section was normally very steady. In the run to 
which Fig. 17 refers , the power was varying by about one kw because of 
the large change in tube wall temperature that was occurring, resulting in 
changing the electrical resistance of the tube sufficiently to cause a var ia
tion of power output from the power supply. This back-and-forth interplay 
of electrical resistance and power resulted in the sustained flow and tem
perature oscillations shown. 

0.5 

0 

112-2200 

Fig. 17. Power Instability, Loop No. 1, 14 kw, 
480 psia, Oct. 3, 1962 

The initial effect of a pressurization is shown in Fig. 18. The 
initial state of the fluid corresponded to the major part of the fluid in the 
heater tube being to the right of the maximum in the ph curve. The pur
pose of the pressurization was to shift the thermodynamic state of the fluid 
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so that the m a j o r p a r t of the fluid in the hea t e r sec t ion b r a c k e t e d the m a x i 
m u m in the ph value and, hence, the s y s t e m would tend to be uns table . 
F u r t h e r p r e s s u r i z a t i o n would shift the s ta te of the fluid to the left of the 
m a x i m u m in the ph c u r v e , and the s y s t e m "would become s table again. As 
can be seen , the loop "was opera t ing fa i r ly s tably before the beginning of 
p r e s s u r i z a t i o n . The s p r e a d of the ven tu r i p r e s s u r e different ial at this 
t ime re f l ec t s the fact that the inlet t e m p e r a t u r e was a l i t t le to the left of 
the m a x i m u m in the ph cu rve . As p r e s s u r i z a t i o n was begun, the ven tur i 
p r e s s u r e different ia l showed an i n c r e a s e , because the p r e s s u r i z e r a c 
cumula tor was loca ted u p s t r e a m of the ven tu r i ; t hus , the fluid injected b e 
cause of the p r e s s u r i z a t i o n shows a t this point. Next, the inlet t e m p e r a t u r e 
to the h e a t e r began to fall r a t h e r rapidly as soon as the m a s s of injected 
fluid r e a c h e d that point. Note, though, that the outlet t e m p e r a t u r e had b e 
gun to i n c r e a s e with p r e s s u r i z a t i o n ; this is because of the d e c r e a s e in the 
heat capaci ty of the fluid as the p r e s s u r e was i n c r e a s e d . The d e c r e a s e in 
the heat capaci ty can be seen in the t he rmodynamic plot of enthalpy v e r s u s 
t e m p e r a t u r e (see Appendix B). The slope of the enthalpy with t e m p e r a t u r e 

( V E N T U R I ) 
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Fig . 18. Effect of P r e s s u r i z a t i o n , Loop No. 2, 16 kw, Nov. 9, 1962 
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along an isobar is the specific heat. Increasing the p ressure decreases 
the slope of the enthalpy isobaric line. The decrease in mass velocity 
following the initial upsurge is due to the change in the volume coefficient 
of expansion as shown by the change in slope with p ressure of the density-
temperature curve. After a few seconds, the loop settled down to steady 
and sustained flow and pressure oscillations which were in the range from 
10 to 20 cps. 

Further increase of pressure resulted in the loop beginning to 
settle down to smaller oscillations. This state corresponded to the major 
part of the fluid being on the low-temperature side of the (ph) maximum. 
This transient record shows the sequence of events which was expected. 

It was noticed that when the fluid was in the thermodynamic region 
in which the "coffee percolator effect" would be found, the perking was 
preceded by small-amplitude, high-frequency fluctuations prior to the 
large flow excursion. Such an event is shown in Fig. 19. The frequency 
of the initial oscillation is 10 cps, roughly 100 t imes that of the percolator 
frequency. 

CHART SPEED • ^ ^ ^ 

SYSTEM PRESSURE 

7 

Fig. 19. Initial Oscillation Accompanying "Percolator Effect," 
Loop No. 2, 14 kw, Nov. 9, 1962 

The loop could be operated at subcritical p ressures in the subcooled 
or two-phase region. In the subcooled regions the operation of the loop was 
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very stable. When the fluid began to enter the two-phase region, the per
colator effect would occur, provided the heat input was low. This oscilla
tion could be controlled by increasing the system pressure to force the 
liquid back into the subcooled region. 

The transition from the subcooled region to the two-phase region 
at moderate to high heat fluxes was accompanied by pressure and flow 
oscillations. Near the saturation point, burnout was observed; this would 
have destroyed the heater section had the power input been higher. This 
subcooled burnout was detected by observing the wall temperature of the 
test section on a potentiometric-type recorder. The sequence of events 
is shown in Fig. 20. This effect has been noted in several subcooled burn
out studies [see Ref. (10)]. 

r 

< 

\ 

Fig. 20. Flow and Pressure Oscillation Approaching Burnout at Subcritical 
Pressures , Loop No. 2, 9 kw, Oct. 23, 1962 

Early in the test program it was noticed that sustained flow oscilla
tions would begin when all test variables were being held constant. Gen
erally, these oscillations would begin as the thermodynamic state of the 
maximum in ph was being approached in a series of steady-state steps 
from the low-temperature region. It is conjectured that these oscillations 
were triggered by a change in the heat-transfer coefficient or by the changes 
in G and Sh/Sz. In most instances, indicators of the test-section wall tem
perature did not show a change in temperature which would mean an im
provement in the heat-transfer coefficient; therefore, the changes in G and 
5h/Sz were considered at the triggering mechanism. 
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It can be seen from the equation which describes the local change 
in G that for S c / d z to change, G9h /Sz 5 Q/A. Approaching the maximum 
value of ph from the low-temperature side resul ts in an increase in G and 
decrease in Sh/Sz. It is conjectured that the increase in G, which is de
pendent on the decrease in p , is greater than the increase in S h / 3 z . The 
basis for this conjecture is that the maximum in the curve occurs because 
the decrease in density becomes larger than the increase in enthalpy. If 
the conjecture is t rue, then G increases faster than dh /dz decreases , and 
the product will become greater than Q / A . This introduces the initial t ran
sient. If the ( l / p ) (dp/dh) multiplier is large, the inertia of the s t ream is 
not damped by the resistance to flow in the loop and sustained flow oscil la
tion result . 

The record of a complete sequence of events showing the initial 
heating through the ph maximum and the subsequent cooling back through 
the same maximum is shown in Fig. 21. As was deduced from the equation 
expressing B G / S Z as a function of the other variables , a rapid heating 
through the ph maximum should produce a minimum of sustained flow 
oscillations; that is, in Eq. III-12, as long as Q / A > G S h / 3 z , then d c / S z 
remains positive, and the fluid continues to accelerate with less chance 
for a sign change for S G / S Z which will occur if G 9h/Sz momentari ly 
becomes larger than Q / A . This is shown in the left half of the figure. 
Once the thermodynamic condition was reached that ( l / p ) (dp/dh) had 
reached a nearly uniform value (this corresponds to being predominantly 
on one side or the other of the maximum in the ph curve) throughout the 
heater length, the flow oscillations ceased. The flow of cooling water was 
then increased to reduce the inlet temperature and hence to t r averse the 
maximum in the ph curve from right to left. This action shifts the occur
rence of the large ( l / p ) (dp/dh) product to the bottom of the heater sec
tion, and the "coffee percolator" effect is obtained. 

Isolated transients "were encountered under some operating condi
tions, usually during the initial heating of the system. Figure 22 is a record 
of one such occurrence. An increase in system pressure of approximately 
20 psi occurred, followed by an increase in flow and outlet t empera tures . 
Note that the inlet temperature continued to increase at the same rate 
until some time after the initiation of the transient. This transient occurred 
while the system pressure and heat addition were being held constant; hence, 
an explanation for the transient is not readily available. It is conjectured 
that a momentary improvement in the heat- transfer coefficient changed the 
heat input to the system. From the equation describing the local increase 
in mass velocity, it can be seen that a momentary increase in the heat-
transfer coefficient has the same effect as a step increase in heat input and 
the consequent transient. Shortly after this transient, the system reached 
a condition of sustained flow oscillations in the frequency range from 10 
to 20 cps. 
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Fig. 21 . Rapid Heating through the (ph) Maximum and Subsequent Cooling, 
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Fig. 22. Initial Transient Encountered in Heating, Loop No. 1, 
5 kw, Oct. 2, 1962 

When operating in the thermodynamic region in which the liquid 
was entering the test section in the subcooled state and leaving the test 
section in the two-phase or superheated region, severe p ressure changes 
were noted with the small loop. Loop No. 1. Several t ransients are shown 
in Fig. 23. The decrease in local density is reflected in the p ressure r i se . 
Then follows the change in outlet temperature because of the change in 
specific heat capacity because of the pressurization. The pressure drop 
across the venturi, which measures the mass velocity, shows a periodic 
maximum value and then an oscillation about the mean, which decays ex
ponentially. Note that the variation of inlet temperature was much smaller 
than that of the outlet. 

This type of transient was not nearly as severe with Loop No. 2, 
which had the elevation for the driving head increased by 5.33 ft and a 
50 per cent increase in volume. The increase in volume helped reduce 
the magnitude of the pressure fluctuations. 

Once the fluid had been heated to the condition such that the mini
mum temperature difference across the test section was attained, attempts 
to reduce the inlet temperature to the test section resulted in severe and 
erra t ic transients in flow and temperature. One procedure to reduce the 
inlet temperature was to increase the flow of cooling water by a small 



55 

amount and then wait for the inlet t e m p e r a t u r e to d e c r e a s e . The i n c r e a s e d 
flow of cooling wa t e r would seemingly have no effect until suddenly the inlet 
t e m p e r a t u r e would drop sha rp ly , by as much as 30°F. No reco rd ing of this 
event is shown because of the e r r a t i c na ture of the t r ans i en t . F igu re 18 
shows a t r a n s i e n t of somewhat analogous type. 
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Fig . 23. Opera t ion in the T w o - P h a s e Region, Loop No. 1, 
6 kw, Oct. 3, 1962 

Another p r o c e d u r e to shut the loop down was to reduce the power 
to z e r o . The same type of t r a n s i e n t a s noted above would be encountered . 

The explanat ion for the s eve re t r ans i en t encountered in a shutdown 
f rom the c r i t i c a l reg ion can be de t e rmined from examinat ion of the ternn 
[ c / S h / S z ) - ( Q / A ) ] . If Q / A is reduced, then for the f i r s t few seconds the 
G ( 3 h / 3 z ) t e r m is l a r g e r , because of the fluid ine r t i a , than Q / A which 
m a k e s the b r a c k e t e d t e r m posi t ive and, hence, S G / S Z negat ive . This ef
fect combined with the reduced value of S c / S t because of the reduced 
value of 9 p / S t with the r e su l t an t d e c r e a s e in the driving head t e r m , Ap, 
r e s u l t s in a somewhat s eve re and e r r a t i c t r ans i en t when t ry ing to back out 
of the c r i t i c a l region . 

The m o s t success fu l p rocedure in coming out of the c r i t i c a l reg ion 
in t e r m s of the t r a n s i e n t encounte red was to p r e s s u r i z e the s y s t e m aud_ 
then reduce power . This effect is shown in Fig. 24. The poss ib i l i ty of 
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Fig. 24. Shutdown from Supercritical Conditions, Loop No. 2, 14 kw, Nov. 9, 1962 
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encounter ing a t r a n s i e n t due to p r e s s u r i z a t i o n , such as is shown in Fig. 18, 
ex i s ted , but th is was p r e f e r r e d to the p rocedure of cooling the inlet t e m 
p e r a t u r e or reducing power prompt ly . By p r e s s u r i z i n g , the heat input could 
be ma in t a ined . Without p r e s s u r i z i n g the flow of cooling wa t e r had to be 
i n c r e a s e d quickly enough so that the tube did not overhea t due to the loss of 
n a t u r a l - c i r c u l a t i o n flow, or the power had to be d e c r e a s e d prompt ly . In 
Fig. 24 it can be seen that the inlet t e m p e r a t u r e could be lowered in an 
o r d e r l y fashion by i nc r ea s ing the flow r a t e of cooling w a t e r . Once the t e m 
p e r a t u r e level of the fluid was below the c r i t i c a l region, the power could 
be r e d u c e d to z e r o without introducing any unusual t r a n s i e n t s . 

The p e r c o l a t o r effect could be obtained at s u p e r c r i t i c a l p r e s s u r e s 
by adjust ing the t h e r m o d y n a m i c s ta te of the fluid so that the m a x i m u m in 
the ph p roduc t o c c u r r e d in the lower por t ion of the tube. If the sy s t em 
p r e s s u r e w e r e r a i s e d while main ta in ing the s ame inlet t e m p e r a t u r e , the 
t h e r m o d y n a m i c s ta te of the fluid would shift so that now the m a x i m u m in 
the ph p roduc t o c c u r r e d in the upper por t ion of the tube. Thus , it would 
be expec ted that the f requency of the v ibra t ion would i n c r e a s e , s ince 
s m a l l e r amoun t s of fluid w e r e undergoing the change in ra te of a c c e l e r a 
tion which is the condit ion for the flow osci l la t ion . 

A r e c o r d of the t e s t to verify this conjecture is shown in Fig. 25. 
Ini t ial ly, the loop was perking a t a f requency of 0.2 cps , with 10- to 
20 -cps osc i l l a t ions o c c u r r i n g at the beginning and end of the l a rge flow 
fluctuation. I n c r e a s e of the s y s t e m p r e s s u r e r e s u l t e d in i n c r e a s e of the 
magni tude and f requency of the flow f luctuat ions . The magni tude of the 
flow osc i l l a t ion i n c r e a s e d by approx ima te ly 100 per cent , and the dominant 
f requency i n c r e a s e d f rom 0.2 to 10 cps . 

The i n c r e a s e in the t e m p e r a t u r e difference due to the d e c r e a s e in 
specific hea t capac i ty is i l l u s t r a t e d in Fig. 26. In the e n t h a l p y - t e m p e r a t u r e 
plot ( see Appendix B), it can be seen that , with a constant heat input and 
sys t em p r e s s u r e and a s s u m i n g a constant flow r a t e , as the inlet t e m p e r a t u r e 
to the t e s t sec t ion is i n c r e a s e d the enthalpy change a c r o s s the t e s t sect ion 
wi l l be l a r g e , then d e c r e a s e , and then become l a r g e again as the slope of 
the e n t h a l p y - t e m p e r a t u r e curve changes along an i s o b a r . In Fig. 26 is 
shown a t r a c e of th is o c c u r r e n c e . The ini t ia l condition was such that the 
m i n i m u m enthalpy change a c r o s s the t e s t sec t ion was in effect. I n c r e a s e 
of the inlet t e m p e r a t u r e r e s u l t e d in the d ive rgence of the inlet and outlet 
t e m p e r a t u r e s as the specif ic hea t capac i ty of the fluid d e c r e a s e d . The 
i n c r e a s e in t e m p e r a t u r e difference was a c c e l e r a t e d by the d e c r e a s e in 
fluid flow because of the r educed dr iv ing head t e r m , that i s , the d e c r e a s e 
in the volume coefficient of expans ion . 
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Fig. 26. Heating through Critical Temperature at 
Constant P r e s su re , Loop No. 1 
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In th is t e s t p r o g r a m approx ima te ly 3000 ft of r e c o r d i n g s w e r e made 
over a 3 -month per iod . The p reced ing f igures i l l u s t r a t e some of the m o r e 
s ignif icant events which o c c u r r e d . It is a l so wor thwhi le to note that the 
m o s t s ignif icant runs w e r e m a d e af ter it was r e a l i z e d that the m a x i m u m in 
the dens i ty -en tha lpy product was the dividing line between the two modes 
of osc i l la t ion . The ma jo r i t y of these f igures a r e the r e s u l t s of t e s t s which 
w e r e fo rmu la t ed to prove or d i sp rove the s ignif icance of this m a x i m u m 
value. Since the loop behaved as p r e d i c t e d on the bas i s of the analy t ica l 
and phys ica l mode l , it is concluded that these t e s t s w e r e significant in 
de te rmin ing the m e c h a n i s m of sus t a ined flow osc i l la t ions for a n a t u r a l -
c i r cu la t ion loop opera t ing in the n e a r - c r i t i c a l region . 
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CHAPTER VII 

COMPUTER RESULTS AND DISCUSSION 

The theoretical model described in this thesis was formulated to 
predict the transient behavior of a natural-circulat ion loop operating in the 
single-phase region near the thermodynamic cri t ical point. To simplify 
the computer calculations a number of assumptions were made. The valid
ity of these assumptions may be determined from a comparison of the p r e 
dicted and the experimentally measured t ransients . 

The first test that the computer model must satisfy is that it predict 
satisfactorily the measured steady-state flow rate for a given test-section 
power input, system pressure , and inlet enthalpy. In Fig. 27 is shown a 
comparison of experimental and calculated flow rates for Loop No. 1 as a 
function of power input. The agreement is quite good. This, however, is not 
surprising, since the experimental data were used to determine the cor
relation for the friction and momentum pressure losses used in the com
puter calculation of the flow ra tes . This procedure, ra ther than a 
conventional calculation involving the friction factor and the geometric 
momentum pressure loss, was used to eliminate the uncertainties in deter
mining the form of losses due to friction and momentum. The more gen
era l procedure would be to use the standard methods of calculating these 
pressure losses but, since the purpose of the computer simulation was 
to determine the mechanism of the flow oscillations, this part icular un
certainty was eliminated by using the correlation for friction and pressure 
losses based on this experimental data for these particular loops and oper
ating conditions. 
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The second t e s t of computer mode l is that it p r ed i c t sa t i s fac tor i ly 
the m e a s u r e d t r a n s i e n t flow fluctuat ions under a l l condit ions. A weake r 
c r i t e r i o n is that the mode l p red i c t osc i l la t ions under the s ame opera t ing 
condit ions when osc i l l a t ions w e r e encountered exper imen ta l ly with the loop 
and p r e d i c t s table flows under the s ame opera t ing condition when the loop 
ope ra t ed s tably. Within this c r i t e r i o n the frequency and magni tude of the 
osc i l l a t ions need not a g r e e too c losely . 

To obtain a compa r i son of the t r a n s i e n t s , a s t e ady - s t a t e solution 
based on the m e a s u r e d t e s t - s e c t i o n power, sy s t em p r e s s u r e , and inlet 
enthalpy was obtained. The ca lcula ted t r ans i en t r e sponse in coolant flow 
due to a s m a l l pe r tu rba t ion in the power input was then obtained. B e 
hav ior a t s e v e r a l power levels was examined by changing both power and 
inlet condi t ions to obtain the t r ans i en t r e sponse of the loop. 

During a t r a n s i e n t condition, the density at any posi t ion z m u s t 
v a r y with t i m e , w h e r e a s under s t eady- s t a t e conditions the densi ty at any 
posi t ion z m u s t be cons tant with t ime . A s tep i n c r e a s e in heat input and 
r e m o v a l wi l l set up a new densi ty d is t r ibut ion. The a s soc i a t ed flow t r a n 
s ient m a y or m a y not be damped. The change in the the rmodynamic state 
of the fluid a s a r e su l t of the new opera t ing conditions may be such that 
densi ty wi l l v a r y with t ime and, hence , the flow osc i l la t ion wil l never be 
damped. 

Since the t r a n s i e n t s w e r e encountered exper imenta l ly in the t h e r 
modynamic a r e a in which densi ty v a r i e s the mos t with enthalpy and p r e s 
s u r e , i .e . , in r eg ions in which d p / d h changes s lope, this was the region 
chosen for the ana ly t ica l invest igat ion. F igure 28 s u m m a r i z e s the r e su l t s 
of the compute r s imula t ion of the opera t ion of the loop in this region. 
Init ially, the loop was taken to be in the s t eady-s t a t e mode . A s tep in
c r e a s e in the hea t input a t t ime z e r o s t a r t ed the t r ans i en t . The frequency 
of the l a r g e , slow osc i l la t ion is a round 0.2 cps , which is in good a g r e e m e n t 
with the expe r imen ta l l y m e a s u r e d frequency, such as is shown in Fig. 19. 

-r^~r T 
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p : 520 ps ia 
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T 

STEP INCREASE 1 kw 

T 

Fig . 28. T r a n s i e n t s Encounte red with Loop No. 2 for 
the Leas t Stable Case 
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A step increase in power input of 1 kw was sufficient to cause the numerical 
solution to stop at 12.5 sec because the enthalpy at some point in the loop 
exceeded the tabulated value. Subsequently, the step increase in power in
put was reduced to 0.05 kw. After about 18 sec, divergent oscillations are 
beginning to s tar t up. An increase in the power input to 0.25 kw shows the 
divergent oscillations beginning sooner. 

In Chapter III it was postulated that the position in the heater tube 
where the maximum in the (ph) product versus tempera ture occurs will 
influence the frequency of the oscillation. It was reasoned that, when this 
maximum occurs at the upper end of the heater, smal ler amounts of fluid 
will be involved in the expansion process and, hence, the loop would return 
to the normal state more quickly, resulting in transients of higher f re
quency. The result of the computer simulation of this occurrence is shown 
in Fig. 29. The pressure fluctuation is roughly 1 cps while the flow is 
steady. At the 8-sec point the flow is beginning to oscillate. The p r e s 
sure is also beginning to fluctuate more widely. The resul ts in this figure 
point out the major weakness of this model in predicing the transients of 
higher frequency. This will be discussed at the end of this chapter. 

T 
POWER 6 kw 

STEP INCREASE 

h j n l e t = ^7 Btu/Ibm 
TIME INTERVAL, 0.1 ! 

T TT T T 

Fig. 29. Transient Behavior of Loop No. 2 Approaching the Maximum 
in the Density-Enthalpy Product from the Low-temperature 
Side 

The return to stable operation after a step increase in power is 
shown in Figs. 30 and 31. In Fig. 30 the thermodynamic condition of the 
fluid is on the low-temperature side of the maximum in the density-
enthalpy product, whereas in Fig. 31 the thermodynamic condition is on 
the high-temperature side of the maximum. 
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Fig . 30. P r e d i c t e d Response of Loop No. 1 
in a Stable Operat ing Region 

Fig. 31 . Response of Loop No. 2 in a Stable 
Opera t ing Region 

To fur ther i l l u s t r a t e the dependence of sus ta ined flow osci l la t ions 
on the t h e r m o d y n a m i c condi t ions , a p rob lem was run in which the p r e s s u r e 
in the reg ion of the expected unstable behavior was 600 ps ia . The r e s u l t s 
a r e shown in F ig . 32. A s tep i n c r e a s e in power input of 0.05 kw, or 0.35%, 
was sufficient to genera te sus ta ined osc i l l a t ions . 
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Fig. 32. Transient Behavior of Loop No. 2 
Operating at 600 psia 

The four major assumptions made in setting up the computer 
programi and the implications of these assumptions are discussed below: 

1. The assumption that density could be evaluated as a function 
of enthalpy and a reference pressure is probably the poorest assumption. 
Pressure variations of the magnitude found under operating conditions are 
sufficient to introduce flow oscillations. A rapid p ressure r ise throughout 
the entire loop results in a new density distribution not directly connected 
with the heat input; hence, a transient condition could develop even while 
holding the heat input constant. 

This assumption was made for two reasons: first , an equation 
of state was not available, although it is presently being developed by 
Mar t in ;*" ' secondly, the introduction of compressibility requires a time 
step 

At 
Az 

c + u 
[see Ref. 34, p. 197] 

for numerical stability in the solution of the equations describing the sys 
tem. The time step, of the order of 5 x 10"^ sec for this Freon-114 system 
becomes prohibitively short from a computer-time cost standpoint. 

2. No local variation in the mass velocity G was allowed in the 
computer program. This approximation allows a much simpler program 
to be written. When small time steps are used, this assumption is prob
ably not too restr ict ive. The approximation will not be so good when a 
variable cross-sectional area is introduced into the problem by the ex
pansion and contraction of the pipe walls due to the p ressure surges . 
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3. The s y s t e m was a s s u m e d to be of constant volume. However, 
the volume of the s y s t e m wil l change dur ing the p r e s s u r e surge because of 
the expansion and con t rac t ion of the pipe w a l l s . To account for this effect, 
the equat ion for conse rva t ion of m a s s would have to be wr i t t en as 

The in t roduct ion of a v a r i a b l e a r e a as a function of t ime compl ica tes the 
ana lys i s cons ide rab ly . 

4. The hea t input and r e m o v a l was a s s u m e d to be uniform with 
posi t ion and t i m e , an a s s u m p t i o n m a d e because as yet t he re is no adequate 
h e a t - t r a n s f e r c o r r e l a t i o n for a fluid in the c r i t i c a l region . E x p e r i m e n t a l 
m e a s u r e m e n t s by Holman and BoggsU^) for a s u p e r c r i t i c a l fluid showed 
the h e a t - t r a n s f e r coefficient to v a r y with length in an e r r a t i c and u n p r e 
dictable m a n n e r . The s a m e effect was noted in the opera t ion of this loop. 
Hence, unti l an adequate c o r r e l a t i o n can be developed, this a s sumpt ion 
wil l r e m a i n . 

The val idi ty of these a s sumpt ions as judged by the close a g r e e m e n t 
with e x p e r i m e n t a l r e s u l t s a p p e a r s to be good. The s u c c e s s of the analy t ica l 
mode l in p red ic t ing the low-frequency t r a n s i e n t s sugges ts that the mode l is 
adequate for an ana lys i s in which the t r a n s p o r t of enthalpy is the ma jo r 
cause of the o sc i l l a t i ons . The mode l was unable to p red ic t the m a s s flow 
f luctuat ions at the high f r equenc i e s , although it gave some indication that 
t r a n s i e n t s of h igher f requency would be encountered under those e x p e r i 
men ta l condi t ions which did give the h igh-f requency t r a n s i e n t s . This is a 
d i r e c t consequence of the f i r s t a s sumpt ion l i s ted above. The inclusion of 
densi ty a s a function of p r e s s u r e p r e s e n t s a l a rge p rob lem from an ana lys i s 
viewpoint and f rom the compute r cost standpoint. 
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CHAPTER VIII 

DISCUSSION OF RESULTS AND CONCLUSIONS 

It has been determined experimentally that operation of a single-
phase, heat- t ransfer loop in the thermodynamic cri t ical region of the fluid 
of the design studied in this experiment will produce pressure and flow 
fluctuations under certain conditions. The condition determined exper i 
mentally for the occurrence of sustained flow and p ressu re fluctuations 
was that the system fluid be passing through the thermodynamic region 
in which a maximum in the density-enthalpy product as a function of t em
perature , enthalpy, or density occurs. In this region it was found that as 
little as 1— kw of heating was necessary to obtain sustained flow oscil la
tions. The loop would operate stably in the thermodynamic regions on 
either side of this maximum in the density-enthalpy product. It was noted 
experimentally that the magnitude and frequency of the p ressure and flow 
fluctuations depended on whether the maximum in the density-enthalpy 
curve was being t raversed from the low- or the high-temperature side. 
Approach from the low-temperature side resulted in a dominant frequency 
of 10 to 20 cps, which was 100 times the frequency found when traversing 
the maximum from the high-temperature side. 

The pressure fluctuation encountered could be destructive to the 
tubing if operated continuously in this region. Therefore, if the tubing 
could be sized to withstand the pressure fluctuations or if the p ressure 
fluctuations could be controlled, a system could operate in this region. 
It was noted that increasing the system volume in Loop No. 2 tended to 
reduce the severity of the pressure t ransients . 

Physically, the pressure fluctuations are caused by a sudden de
crease in the density of the fluid in the loop. This large density decrease 
with heat addition is the result of the particular thermodynamic state of 
the fluid, i.e., in the thermodynamic region in which dp /dh undergoes 
changes in value. When a pressure fluctuation occurs , the associated 
density change sets up a new driving pressure and mass velocity. The 
computer model was unable to predict the mass velocity change because 
of the assumption of a constant reference p ressure . It did give some indi
cation that these transients could be expected. 

The low-frequency transients are chiefly due to enthalpy transport , 
and were predicted in magnitude and frequency by this model. 

The explanation for the different modes of frequencies is given in 
Chapter III. The high-frequency oscillation is caused by the rapid variation 
of density in the two vertical legs. At these frequencies, small , discrete 
control volumes of fluids are being emitted from the test section, and a t ime-
varying density distribution in the r i se r and downcomer is established. 



which gives rise to flow and pressure fluctuations. At the low frequencies, 
when large, discrete control volumes are being emitted from the test sec
tion, the space- and time-varying density distribution varies more slowly; 
hence, a more stable system or lower-frequency oscillation is encountered. 
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APPENDIX A 

MASS FLOW RATE CALCULATIONS 

The e x p r e s s i o n for ca lcula t ing the m a s s flow ra t e through a ven tu r i , 
a s suming the flow is i n c o m p r e s s i b l e in the ven tu r i and that the i r r e v e r s i 
b i l i t i es can be accounted for by using a d i s cha rge coefficient, is 

rti = CFnAj [ 2 g c P i ( P i - P 2 ) ] ' " l b m / h i - . (l) 

•where 

m flow r a t e , I b m / h r 

C d i s c h a r g e coefficient 

F ve loc i ty of approach fac tor , [1 - ( A ^ / A J ) ] 

D u p s t r e a m tube d i a m e t e r of ven tur i m e t e r , 0.93 in. 

d t h r o a t d i a m e t e r of ven tur i m e t e r , 0.3963 in. 

Pj u p s t r e a m fluid densi ty, Ibm/ft^ 

Pi " Pz p r e s s u r e drop, ps i 

A J t h r o a t a r e a , in.^ 

Al u p s t r e a m tube a r e a , in.^ 

n fac tor to account for uni ts 

g g rav i t a t iona l constant , 32.2 Ib j^ f t / lb f - sec . 

The th roa t d i a m e t e r of the ven tu r i used was 0.3963 inches . The flow 
d i s c h a r g e coefficient C was 0.98. The ve loc i ty -o f -approach factor , F , was 
0.983. Making these subs t i tu t ions into Eq. (1) gives 

m = 286.2 [Pi(pi - -p^)]'"- I b j^ /h r (2) 

A m a n o m e t e r was connected in p a r a l l e l with the differential p r e s 
su re t r a n s d u c e r to p rov ide a check on the t r a n s d u c e r - r e c o r d i n g sys t em. 
When c o r r e c t i n g the m a n o m e t e r r ead ings , the m a n o m e t e r l ines w e r e 
a s s u m e d to be filled with F r e o n - 1 1 4 at 80°F. The obse rved head was a lso 
c o r r e c t e d for the m a n o m e t e r z e r o . When using the m a n o m e t e r differential 
head r e a d i n g s , Eq. (2) b e c o m e s 

m = 66.7 (Pih, , ,5) '^Mb / h r (3) 
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APPENDIX B 

PROPERTIES OF FREON-114 

The fluid used in this study was dichlorotetrafluoroethane (C2F4CI2) 
or Freon-114, chosen because of its low cri t ical temperature and p r e s 
sure (294.3°F and 473.2 psi), availability of thermodynamic data, and low 
level of toxicity. Freon is a t rademark for a group of halogenated hydro
carbons, containing one or more fluorine atoms, widely used as refr igerants 
and propellants. 

Van Wie and Ebel'39) have published tables of the thermodynamic 
properties of Freon-1 M^^") based on correlations of vapor p res su re , the 
p-v-T relationship, saturated liquid density, and heat capacity at zero 
pressures published by Martin.^ ' The tables were computed by means 
of a digital computer. 

Figures 33 and 34 were prepared from data in the thermodynamic 
tables. It should be noted that the density and enthalpy values along an 
isobar in the compressed-liquid region were extrapolated from the cri t ical 
temperature to the saturated liquid temperature corresponding to that 
p ressure . 
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The definition of the thermodynamic state regions as defined by 
several authorities is shown in Fig. 35. The definition of the critical region 
is not uniform with different authors. According to Ref. (l7), it is not clear 
whether one should speak of a critical state or a critical region. 
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Fig. 35. Definition of State Regions Given by Various Sources 
Shown on the Pressure-Volume Diagram 
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Figure 35 shows the various regions as defined by Dodge.W/ The 
t e rm fluid was given to the substance when subjected to both a p r e s su re 
and temperature greater than the cri t ical p re s su re and tempera ture . His 
reason for defining the fluid region as such was that a liquid at a p r e s su re 
greater than the crit ical p ressu re can change to a vapor, or vice versa , 
without any observable phase change. He concluded that a substance in 
this region can be called neither a gas nor a liquid. 

The various regions defined by Sears(35) and by Zemansky^'*'*' are 
shown in Fig. 35 (b). Sears mentions that the boundary between the gaseous 
and vapor regions is unnecessary, since the proper t ies of a vapor differ in 
no respect from the propert ies of a gas. 

The regions defined by Young''*-^' are shown in Fig. 35 (c). He men
tioned that it was difficult to classify a fluid whose temperature is very near 
the critical temperature and whose p ressu re is greater than the cri t ical 
p ressure . He made no attempt to define this region quantitatively. 

The regions as defined by Young'^^) correspond to the regions used 
in this thesis. 
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APPENDIX C 

DIGITAL COMPUTER PROGRAM 

In the ana lys i s in Chapte r III the f ini te-difference equations de 
sc r ib ing the s impl i f ied s y s t e m w e r e wr i t ten and the method of solution 
indicated. The solut ion cons i s t s of two p a r t s : (1) s t e ady - s t a t e calcula t ions 
to set up the ini t ial condit ions for the t r a n s i e n t ana lys i s , and (2) the t r a n 
s ient solut ion. The flow d i a g r a m s for the ca lcula t ions a r e shown in 
F i g s . 36 and 37. The d imens ions of the loops , subdivis ions , and grouping 
a r e shown in F ig . 38. 

1 DIMENSION. REJD IK INPUT DtTA 

1 AND PROBLEM 

^ 
1 CALCULATE l>(l) USING ENERGY 
1 EQUATION 

1 
1 DETERMINE DENSITY DISTRIBUTION 

1 USING h{i] VALUES 

I 
I CALCULATE ip 

1 
1 CALCULATE 9 

1 
1 CALCULATE NEW iS 

1 
1 CNECK CONVERGENCE OF Q AGAINST 

1 INITIAL 5 

INPUT DATA: 

at TIME INTERVAL, TOTAL TIME 

h AT NEATER INLET 

O/A FDR ENTIRE HEATER AND COOLER 

PROGRAM DISTRIBUTES Q/A FOR 

G ESTIMATED 

SYSTEM GEOMETRY (LENGTHS, ND. OF 

REFERENCE PRESSURE 

CONVERGENCE CRITERIA 

E 

I DETERMI E SYSTEM MASS 

C GO TO TRANSIENT ANALYSI J 

Fig . 36. Simplified Computer Flow 
Char t for the Steady- s ta te 
Analys i s 

FROM STEADY STATE A U..S 

^ 
1 STEP INCREASE IH HEAT NPUT O/A 1 

^ 
1 CALCULATE HEW h ( z , t ) JS 

AND TRANSPORT EQUATiOHS 

NG ENERGY 

1 
1 OETERMIKE DENSITY DISTRIBUTION 1 

I USING n ( z , t ) VALUES | 

OETERH.NE OENS.TY DISTfl.BUT.OK 

a , and B FROM STEiDY STATE 

PROGRAM 

SOLVE FOR G ( . . . l 

PR.NT G, 5, Ap, P 

TEST CONVERGENCE OF G 

Fig . 37. Simplified Computer Flow 
Char t for the Trans ien t 
Analysis 

The compute r solut ions could be run for p r e s s u r e s of 475, 520, and 
600 ps i a . Tabulated va lues of densi ty as a function of enthalpy at these 
p r e s s u r e s were s to red in the c o m p u t e r . L inear in terpola t ion was used . 

Because of the unknown var ia t ion of v i scos i ty , f r ic t ional and m o 
m e n t u m los_ses were obtained by c o r r e l a t i n g the dr iving p r e s s u r e as a 
function of G V P • The l inear equation used was of the form 

F (j) = Ni + N GVP . 

Loop No. 1 

N 0.1388 
Ni 25.0 

Loop No. 2 

0.12 
30.0 
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2 B-D 

3 D-E 

t E-A 

DIMENSION 

(VERTICAL) 

7.66 
9.667 

/ ~ \ 

HOT TO SCALE 

DIMENSIONS IN FEET 

/~S 

SPACE 

1 A-B 

2 B-0 

3 D-E 

H E-A 

A-C 

A-F 

DIMENSION 

(VERTICAL) 

3.0 

I3.66>l 

5.0 

12.99 

I3.66i( 

CCW 

32. 32H V-Z 

LOOP KO. I 

VOLUME-0.129 f t ' 

VERTICAL HEIGHT- 12.0 f t 

FLOW PATH LENGTH-27.5 f t 

VOLUME-0.180 f t 

VERTICAL HEIGHT- 17.33 f t 

FLOW PATW LEHGTH - 3 8 . I f t 

Fig. 38. Dimensions of Experimental Loops 
Used in Computer Program 

The time increments used in the solution depended on the f re
quency of the transient response expected. For the higher frequency-
transients, a smaller tinne interval was used to obtain the complete t r an 
sient response. For the slo-wer t ransients , a larger time interval \vas 
used to reduce the solution t ime. 

Randies^-' ' derived a stability cri terion for the continuity equation 

£Ai<i 
p Az 

At<p 
A z 

This was also the criterion used by A l s t ad ' ^ in his transient solution. 
For the Az's used in this program and the mass velocities encountered. 
At was less than 0.25 sec. 

The computer program written in For t ran for the IBM 704 is 
listed in the following pages. 
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161»lt/AMU 102 TILT 
-^mjlENSION R H O I ^ . i n n i . F N T f : s , i n n i , ^ D / ^ | . i ) , s i 7 F < i i i , i T F < : T r u i , n F i <L>, 

?HBARNI I I4 . ' i l ) ,RRf tR(H . 'S1 l .nFmiS l l . nF iBH i^ i i , n»=^ p ( ? n p n ) , 
3RH0BAR(2000),GBAR(2000),Pt2000),F(2000),HOUT(20001,DELHNUdl,51), 
tGWAXI lon i . r .HAXT( inn ) . r .MrK innn iT r .M iMT( inn i , i p j ^ ) ,TTMC(2ooo) 

COMMON RHG.ENT.IP 
CALL TARl F 

1 FCRMATliH6,lPUE12.5) 
? F O R M A T I I P A F I ? - - ; ! 
3 F0RMAT(2E12.5, I6I 
It FORMATIFIA.U.IPFIR.S.UFIA--;! 
5 FCRMAT(3E12.5,I6) 
10 READ INPUT TAPF 7.1 . IPROR. IPRFS.NTF<;T1 ,NITF':T7,qRYil,HTN,KRaR n 1 , 

lEPSl 

12 

11 = 1 
I F ( N T F S T 1 ) 1 ? . 1 f t , 1 2 
HBLAST=0. 
READ INPUT TAPF 7 . P , R R 1 , H R P , n N , n N l , 
D 0 1 5 I = 1 , l i 
RFAfl INPUT T4PF 7 . ^ . < : P A | 11 . < : I 7 C I I >. 

V 

I T F S T I I 1 
D E L Z 1 I ) = S I Z E ( I ) / S P A ( I I 
N S P A d ) = S P A ( I 1 
H B ( I , 1 l = H B L A S T 
L=NSPA(T1 
00 I t J = 1 , L 
HR( t . . l + 1 1=:HRI ! . . l 1 + n F I 7 1 1 1 

14 
15 
16 

17 

19 

20 

H B B A R ( I , J ) = ( H 8 ( I , J ) + H B ( I , J + l » ) / 2 . 0 
HRLAST=HR( I . l +11 
ITER=1 
T F ( N T F S T ? 1 1 9 , 1 9 , 1 7 
READ INPUT TAPE 7 , 2 , O C H N G , D E L T , TMAX 
RFAfl TNPUT TAPF 7 , "i , Fl , Tr.HNG. OFI TNU 
DO 50 1 = 1 , 1 
I F d T E S T I I I I U O . 3 0 . 2 0 
0 E L ( I ) = Q B Y A / S P A ( I ) / G B A R 
H n . 1 l = H I N 

, E , H T E S T 
, tT5;up 

L = N S P A ( I ) 
nn 7S .1=1.1 

7S 
H ( I , J + 1 ) = H 1 I , J ) + O E L ( I ) 
HRARI I . J I = I H I I . J ) + H ( I . J - f 1 ) 1 / 2 . 0 
H L A S T = H ( I , L + 1 ) 
nn Tn ^n 

30 H ( 1 , 1 ) = H L A S T 
1 =N<;PAI T 1 

DO 35 J = 1 , L 
H ( I , . I + 1 I = HI A.ST 

35 H8AR(I,J)=HLAST 
fin i n sn 

10 OEL(n=QBYA/SPA(I l /GBAR 
H I I . 1 1 = HI AST 
L=NSPA(I) 
nn us J = l , 
H ( I , J + 1 ) = H ( I , J ) - D E L 1 I ) 

hR HRARH • . l l = I H I l , . I H . H d , . l * 1 l l / ? . 0 
H L A S T = H ( l , L + l ) 

•in r " " T i M i i F 
55 DC 100 I=1 i 

_L=JiSPA_LLL 
60 DO 65 J=1,L 

CjUJ_mi£B.maARLUJX.AaAR11 . . 1 1 , IPBFS 1 
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IF(RBAR(I,J)190,65,65 
_6 5 C0 NTINUE 

GO TO ICC 
90 WRITF OUTPUT TAPE 6.9?.TPROR.T,J,HBAR11.J) 
92 FORMATdTHI IN PROBLEM 16,3H H( 12, IH, I2,1H) = 1PE12.5,37H WHIC 

1H EXCEEDS_J11E_ VALiiE QF_-IH£_JABL£1 
GO TO 150 

100_CONTINUE 
RHOBAR(KI=i;. 
nFLPlK)=0. 
DO 135 1=1,1 
_L=NSPALI) 
PSUM=0. 
RH0SUM=C. -̂  
DC 13C J=],L 
RHO.SUW=RBAR( I . J l+RHQSUM 
IF(HBBAR(I,J)-BR1)115,120,120 

11_5_P_SUM=PS_UM-RB_AR(UJJ 
GO TO 130 

IZO IF (HBBAR (I, J ) -BR211 2i, I25j U 5 _ 
125 PSUM=PSUM+RBAR(I,JI 
Mr, rCNTINUF 

RH0BAR(KI=RH0SUM/SIZE(I)•DELZ(I)+RH0BAR(K) 
1A5 DELP1K1=PSUM«DELZ1I)+DELP(K) 

RH0BAR(K)=RHOBAR(K)/1. 
GO TO (139.235).II _ 

139 GBARNU=SQRTF((DELP(K)-DNl)«RHOBAR(K)/DN) 
IFIABSFfGRARNU-GBARIK))-FPSl«GBARIK)1152.152.110 

110 GBAR(K)=(GBARNU+GBAR(K))/2. 
ITER=ITFR-H 
IF(ITER-26)19,115,115 

115 ITER=-25 
150 NTEST2=0 
152 EM=RHnRAR(KI«V 
151 L=NSPA(1)-1 

DO 155 J=1.L 
TEMP=RBAR(1,J+1)-RBAR(1,J) 
DELR(J)=TEMP/(HBAR(l.J-H )-HBAR11.J)) 

155 OELRHIJ)=(RBAR(1,J+1)»HBAR(1,J+1)-RBAR(1,J)«HBAR(1,J))/TEMP 
GO TO (156.310).II 

156 WRITE OUTPUT TAPE 6,1 60,IPROB,IPRES,DELT,QByA,QCHNG,ITER,GBAR(1), 
IDELPd ).RH0BAR(1 ).EM.HLAST 

160 F0RMATd9H11611/AMU 102 TILT69X8HPR0BLEM I6//7X1IHPRESSURE = 16, 
18X10HDELTA T = F6.3.8X6H0/A = 1PE12.5.8X10HQCHANGE_^_EL2ii/_/9JlSt)JL 
2ERATI0N8X1HGBAR11X7HDELTA P9X6HRH0BAR13X1HM13X5HH OUT//I11,1PE20.5 
3.1F16.S//I 
GC TO (161,300),II 

161 WRITE OUTPUT TAPE 6.162 „ 
162 F0RMAT(19X1HJ11X17HDELTA RHO/DELTA H6X20HDELTA RHOH/DELTA RHO) 
165 L = NSPAd)-1 

DO 170 J=1,L 
170 WRITE OUTPUT TAPE 6 . 175 . .1 .DFL R( J 1 .DFt RH( .11 
175 F0RMAT(I21,1P2E25.5) 
_I80_IF_(ia_£S12120i!j_liLiiQi3 
200 K=2 

KK=? 
H0UT(1)=HLAST 
IGMAX=1 
GMAX(IGMAX)=GBAR(1) 
TIME(2)^DF1T 
ACCT=0ELT 

277 WRITE OUTPUT TAPE 6.27R 
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278 F0RMAT(35H0 TRANSIENT ANALYSIS RESULTS//11X1HTIME11X1HGBAR1 

1IXTHPFITA PQXAHRHnRAR13XlHP11X5HH nilT/1 

205 GSIGN=1. 
7 i n ORVA=qRva-tnrHNn 
211 M=NSPA(1 )+1 

H l i L L d . 1 ) = H ( 1 , M ) 
00 231 1 = 1 , 1 
l F d T P S T n i l ? 1 6 , ? l S , ? 1 ? 

2 1 2 QOVERA=QBYA 
r.n r n 7?fi 

215 QOVERA=a. 
r.n TO 2 7 0 

2 1 6 QOVERA=-QBYA 
2 2 0 DELOA=QOVERA/ S P A d ) 
2 2 5 G0ELZ = G B A R ( K - 1 ) / D E L Z d ) 

I = N S P A d l 
DO 2 2 9 J = 1 , L 

1Q3Q H R A R N U d , . l ) = H B A R d . . l H - n E I T / ( RBAR d ..11«DEI Z d l X l D F L 
1 ( H ( I , J + 1 ) - H N U ( I , J ) ) ) 

TAU=RRAR( I . - l l / G D E L Z 
2 2 9 H N U ( I , J + 1 )=H( I , J + 1 ) + ( D E L T / T A U ) « ( 2 . » H B A R ( I , J ) - H d , J + 1 ) - H N U ( I , J ) ) 

H - H R A R N U d , . l l - H R A R d . . l l 
I F ( I - 1 ) 2 3 0 , 2 3 1 , 2 3 1 

2 3 0 L = N S P A ( n 
H N U ( I + 1 , l ) = H N U d , L + l ) 

231 CONTINUE 
00 2 3 3 1 = 1 , 1 
1 = N S P A d l 
DO 2 3 2 J = 1 , L 
H d . J ) = H N U d . J l 

2 3 2 H B A R d , J ) = H 6 A R N U ( I , J ) 
H( 1 . 1 * 1 l^HNUf I . H - I ) 

233 CONTINUE 
H n U T I K I = H H . M I 
I F ( H T E S T ) 2 3 6 , 2 3 7 , 2 3 6 

236 DO 231 1 = 1.1 

L=NSPA(I) , , . . . 

231 WRITE 0UI£LUL-IAPF 6-?- IHd..l). HBARd..)), J = I.D-
237 11=2 

r.n Tfi 5S 
235 P(K)=(RH0BAR(K)-RH0BAR(1))/RH0BAR(1)»E 

Fi(K-1 l = nN.GRAR(K-l l»r,RAR(K-l I ̂ RHnBAR(K-l l+DNl 
GBAR(K)=G8AR(K-1)+(32.2«DELT/EL)»(DELP(K)-F(K-1)) 

250 IF(r.STr.N1265.^551255 

255 IF(GBAR(K)-GBAR(K-11)260,300,300 

2An GHAXtlfiMAX l=r.RAR[K-11 
GMAXT(IGMAX)=ACCT-OELT 

GO TO 300 
265 TF(GBARIK-I1-GBAR(K)1270,300,300 

270 GSIGN=1. 

r.WTNl Tr.MAXI = n B A R I K - l 1 
GMINT( IGMAX)=ACCT-OELT 

J77 TnMAX=IGMAX-H 
GO TO 300 

_2f l2J- l -3KrJ^ 
DO 2 7 9 L = K K , L L , I T S U P . . , „ , , , 

2 7 0 URITF nilTPIIT TAPF A . U . T I M F M l . K H A R d l . D F I P ( l l .RHORARI I 1 , P I 1 1 . 

J j f l l X E ^ g i i J P U T TAPF ft,U,TIMFfKl.fiRAR(Kl.nFIPlK).RHnRARIK),PlK), 

I H O U T ( K ) 
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GO TO ( 3 0 1 , 1 0 0 ) , J J 
100 JLRTIE nilTPUT TAPF 6 .101 
101 F0RMAT(23H0 TIME1UX1HGMAX15X1HTIMEIIXIHGMIN//I 

WRITF OUTPUT TAPF 6 .107 . I GMAXTI .1 ) .GHAX ( .1) .GMT NT ( .1 ) . CHIN ( J 1 t J= 1 . 
XIGMAX) 

102 FnRMAT(F23 .1 .1PE21.6 .0PF16.1 .1PE21.6 ) 
GO TO 10 

_300 J F ( TMAX-ACCjr Lif lOOiSOmiiMJ 
3000 JJ=2 

GO TO 232 
301 IF(TCHNG)305,305,302 
3fl2 lFIACCT-TrHNG)305.303.3Q3 
303 TCHNG=0. 

JJ=I 
GO TO 282 

301 nFLT=nELTNU 
305 K=K+1 

ACCT=ACCT*0ELT 
TIME(K)=TIME(K-I)+DELT 
GO TO 211 

310 JJ=2 
GO TO 282 
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SUBROUTINE TABLE 
DIMENSION RHOI1,inT,'=NTI3.inni.IPI3l 
COMMON RHO,ENT,IP 
i p n i = i 7 s 
IP(2 )=520 
• I fX i ) '60Q^ 
ENT(1,1)=58.178 
£ M . l U 2 l 3 J i i l . i 8 i l _ 
E N T d , 3 ) = 
FNT11.11 = 

63.8309 
66.7311 

ENT(1,51=69.6991 
FNT(1 .6 )=70 . 
ENT{1,7)=75. 
E N T t l i a i i S i ) * -
ENT(1 ,9)=82. 
F N T d . 1 0 1 = 8 1 . 
ENTd,11 )=86 . 
ENTd.121 = 86 . 
ENT(1 ,13)=90. 
F N T d . 1 1 ) = 9 2 . 
E N T d , 1 5 ) = 9 1 . 
FNTI1.161=96. 
ENTd ,17 ) = 98 . 
F N T d . 1 8 1 = 100 . 
ENT(1 ,19)=102. 
£MXiJU2ai = l P 1 . 
ENT(1,21 l = 1fj6. 
FiaTM.2?l = in f l . 
ENTd ,23 ) = n O . 
FNT(2.1)=58.1T8 
ENT(2,21=60.9831 

6i_aafl9^ 
ENT(2,11=66.7311 
FNT(2.51=69.6991 
ENT(2 ,6 )=70 . 
FNT(2.71=75. 
ENT(2 ,8)=80. 
£N112i91_=a2, 
ENT(2 ,10 )=81 . 
F N T I 2 . n i = 8 6 . — 
ENT(2,12)=88. 
FNT(?.131=90. 
EKT(2 ,11)=92. 
ijaXZxlil^SMu.— 
ENT(2,16)=96. 
FNTIP.171 = 9R.— 
ENT(2,181=100. 
£^UX2jJL21^1i2^ 
ENT(2 ,20 )=101 . 
FNTI7.211=106. 
ENT(2,22) 
FNT(2.?'i l 

= 108. 

ENT(2,21)=111.5 
£|ilLt2_.25i=JJ 3 J i 5 5 „ 
ENT(2,26) = n 7 . 6 1 8 1 
FNT(2.27)=1?P.Q118 
ENTt3,11=58.178 
t:f^Ti^.7 1 = Ar..9a31 
ENT(3,31=63.8^09 

ENT(3 ,5 )=69.6991 
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E N T ( 3 , 7 ) = 7 5 . 0 

E N T ( 3 , 9 ) = e 2 . 
F N T I 3 , 1 f 1 1 = a i . 
E N T ( 3 , 1 1 ) = 8 6 . 
- E N l i J i t O Z - l B B P . 
E N T ( 3 , 1 3 ) = 9 C . 
F N T ( 3 , 1 1 1 = 9 7 . 
E N T ( 3 , 1 5 ) = 9 1 . 
F N T 1 3 . 1 6 ) = 9 6 . 
E N T ( 3 , 1 7 ) = 9 8 . 
F N T ( 3 , 1 8 1 = 1 0 0 . 
E N T ( 3 , 1 9 1 = 1 0 2 . 

E N T ( 3 , 2 1 1 = 1 0 6 . 
F N T ( 3 , 7 ? l = i n 8 . 
E N T ( 3 , 2 3 1 = 1 1 0 . 
F N T ( 3 , 2 1 1 = 1 1 2 . 
E N T ( 3 , 2 5 1 = 1 1 6 . 
B H Q I J . 1 J = 7 3 . 1 1 1 6 _ 
R H O d , 2 1 = 7 3 . 1 6 1 1 
R H f l d . 3 1 = 7 1 . 6 7 1 1 
R H O d , 1 1 = 6 9 . 7 3 9 1 
R H O d . 5 1 = 6 7 . 6 3 
R H 0 d , 6 ) = 6 7 . S 
R H 0 ( 1 . 7 ) = 6 3 . 5 
R H 0 ( 1 , 8 ) = 5 8 . 5 
W h n i l . 9 l = 5 6 . 5 
R H O d , 1 0 1 = 5 1 . 2 
R H O d . 1 1 1 = 5 1 . 8 
R H O d , 1 2 1 = 1 9 . 1 
R H O d . 1 3 1 = 1 6 . 
R H O d , 1 1 ) = 1 2 . 5 
R H O d , 1 5 1 = 3 9 . 
R H 0 d , 1 6 ) = 3 5 . 

- R H a n j J l ) = 3J_. 
R H 0 ( 1 , 1 8 ) = 2 7 . 5 

A H n i l , 1 9 1 = 2 5 . i _ 
R H O d , 2 0 1 = 2 3 . 5 
R H n d . ? l l = ? 1 . S 

R H O d , 2 2 1 = 1 9 . 8 

R H 0 ( 2 , 1 1 = 7 5 . 1 1 1 6 
RH0I2 t2J_gZ5 ._1 i i11 
R H 0 ( 2 , 3 1 = 7 1 . 6 7 1 1 
R H n i 7 , U l = A Q - 7 ^ 0 ; 

R H 0 ( 2 , 5 1 = 6 7 . 6 3 
JiHQ(_2*Jil=A2^_5 
R H 0 ( 2 , 7 1 = 6 1 . 3 
i H r U 2 , - a i = 6 ^ U J l _ 
R H 0 ( 2 , 9 ) = 5 9 . 8 
R H n ( ? , i n i = 5 W - ? 
R H 0 ( 2 , 1 1 1 = 5 6 . 
RH0(2»J-21_=5X.A_ 
R H 0 ( 2 , 1 3 1 = 5 0 . 5 
R H n ( ? , l J a = - 1 1 , 
R H a ( 2 , 1 5 1 = 1 3 . 2 
R H n i 7 . 1 6 1 = ^0-11 
R H 0 ( 2 , 1 7 ) = 3 5 . g 
R H Q ( 2 . 1 8 1 = 3 7 . 6 
R H 0 ( 2 , 1 9 ) = 3 0 . 
R H n ( ? . 2 n = ?':..U 



R H 0 ( 2 , 2 3 1 = 2 2 . 2 
R H 0 X Z j _ 2 2 i T . 2 i * i _ 
R H 0 ( 2 , 2 0 1 = 2 7 . 5 
R H O I ? . 7 1 1 = 2 1 . S S 
R H 0 ( 2 , 2 5 1 = 1 9 . 2 1 
R H 0 ( 2 . 2 6 1 = 1 7 . 7 
R H 0 ( 2 , 2 7 1 = 1 6 . 5 7 
R H f l ( 3 . 1 1 = 7 5 . 1 1 1 6 
R H 0 ( 3 , 2 1 = 7 3 . 1 6 1 1 
R H n ( 3 . 3 1 = 7 1 . 6 7 1 1 
R H 0 ( 3 , 1 1 = 6 9 . 7 3 9 1 
RiL0JL3ji) =6 7,_63___ 
R H 0 ( 3 , 6 ) = 6 7 . 5 
RHO ( 3_L7 ) -=65. 
R H 0 ( 3 , 8 1 = 6 2 . 
R H n ( 3 . 9 1 = 6 1 . 5 
R H 0 ( 3 , 1 0 1 = 5 9 . 2 
RHOJ 3 . 1 1 1 = 5 7 . 5 
R H 0 ( 3 , 1 2 1 = 5 5 . 6 
M 0 ( 3 . 1 3 1 = 5 3 . 5 
R H 0 ( 3 , 1 1 ) = 5 1 . 
R H n ( 3 . 1 5 ) = 1 8 . 
R H 0 ( 3 , 1 6 ) = 1 5 . 
R H 0 ( 3 . 1 7 ) = 1 1 . 8 
R H 0 ( 3 , 1 8 ) = 3 8 . 1 
R H 0 ( 3 . 1 9 ) = 3 5 . 2 
R H 0 ( 3 , 2 0 ) = 3 2 . 5 
R H n l 3 . 2 1 1 = 2 9 . 8 
R H 0 ( 3 , 2 2 1 = 2 7 . 6 
R H 0 ( 3 . 2 3 1 = 2 5 . 8 
R H 0 ( 3 , 2 1 1 = 2 1 . 6 
R H 0 ( 3 . 2 5 1 = 2 2 . 2 
RETURN 
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SUBROUTINE INTER(HH,R,IPRES1 
DIMENSION RHfl(3.100 1 .ENT(3 .1QQl . IP131 

1000 
1005 

COMMON RH0,ENT,IP 
TFIiPRFS-TP(2iiinnn,iinn,i2nn 
IF(HH-ENT{1,1))1015,1030,1005 
nn i m n 11 =2. inn 
L = LL 
IFIHH-FNTI 1.1 1 1 11020.1030.1010 

1010 
ini5 

1020 

1030 

linn 
1105 

1110 
1115 

1120 

1130 

1200 
i7n5 

CONTINUE 
R=-l. 
GO TO 1100 
11 = 1 
GO TO 1300 
R=RHnr1,1 ) 
GC TO 1100 
TF(HH-FNT(2,I 1 1 11 1 5 , 1 I 3n , 1 1 (iS 

DO 1110 LL=2,100 
L = Ll 

IF(HH-ENT(2,LL))1120,1130, 1110 
CONTINUE 

R=-1. 
Rn TO linn 

11=2 
GO TO 1300 
R=RH0(2,L) 
GC TO 1100 

IF(HH-ENT(3,11)1215,1230,1205 
no i2in 11 =7.in.T 

L=LL 
IF(HH-ENT(3.LL111220, 1230. 1210 

1210 
1215 

1270 

1230 

1300 

CONTINUE 
R=-l. 

GO TO 1100 
11=3 

GC TO 1300 
R=RH0(3.L) 

GO TO 1100 
UP=ENT(II.L1-HH 

T0T=ENT(II,L1-ENT(II,L-1) 
nTFF=RHndT.I l-BHni IT.l -1 1 
RAT10=UP/T0T 
R=RHn(rT.I l-RATTn«niFF 

1100 RETURN 
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ACCT 

BR 1 

BR 2 

CALL INTER 

DEL 

D E L P 

DELR 

DELRH 

DELT 

DELZ 

DN 

DNi 

E 

EK 

E L 

EM 

ENT 

EPS 1 

EPS 2 

F 

GC 

GMAX 

H 

HB 

HEAR 

HBARNU 

HBBAR 

HBLAST 

COMPUTER PROGRAM NOMENCLATURE 

accumula t ed t ime of t r a n s i e n t ca lcula t ion , sec 

space boundary for top of loop 

space boundary for bot tom of loop 

cal l ing for in te rpo la t ion subrout ine 

{Q/A)JG 

grav i t a t iona l dr iving head , Ap, 

change in a v e r a g e densi ty between two succes s ive 
i n c r e m e n t s 

d(ph) /dp 

t ime in t e rva l by which solution is advanced. At 

s ize of i n c r e m e n t in each space 

cons tant mu l t ip l i e r of Gyp 

addit ive constant in equation calculat ing F 

modulus of c o m p r e s s i b i l i t y , psi 

m o m e n t u m los s factor 

flow path length of loop, L, ft 

m a s s of fluid in loop, Ib^^^ 

enthalpy in table 

m a s s veloci ty convergence c r i t e r i o n for s teady s ta te , 

usua l ly 1% 

convergence c r i t e r i o n for G in t r ans i en t a n a l y s i s , 

usua l ly 1% 

fr ic t ion p r e s s u r e l o s s 

g rav i t a t iona l cons tan t , g^, 32.2 Ibjn-ft/lbf• sec 

m a x i m u m m a s s veloci ty , I b m / s e c - f t 

enthalpy at boundary points 

enthalpy at boundary of each space 

a v e r a g e enthalpy in a space i n c r e m e n t 

new a v e r a g e enthalpy in a space inc i 
t ime h (j + 1) 

enthalpy at boundary points 

inlet enthalpy to h e a t e r 
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HIN in le t en tha lpy to h e a t e r 

HNU new en tha lpy a t end po in t s of s p a c e i n c r e m e n t a t t i m e 

t + At, hn ,e ( j + l ) 

HOUT out le t en tha lpy f r o m h e a t e r 

IGMAX f i r s t m a x i m u m in the m a s s ve loc i t y 

ITER n u m b e r of t i m e s G i s r e c a l c u l a t e d in s t e a d y s t a t e for 

c o n v e r g e n c e 

ITEST t e s t to d e t e r m i n e which s p a c e p r o b l e m so lu t ion i s in 

ITSUP spec i f i e s which i n t e r a t i o n s in t r a n s i e n t so lu t ion a r e p r i n t e d 

NSPA n u m b e r of i n c r e m e n t s e a c h s p a c e i s d iv ided in to 

NTESTl t e s t to d e t e r m i n e in which loop g e o m e t r y p r o b l e m i s to be r u n 

NTEST2 t e s t to a l low p r o b l e m so lu t ion to a d v a n c e to the t r a n s i e n t 

solut ion 

P ( K ) change in s y s t e m p r e s s u r e 

P R E S s y s t e m p r e s s u r e 

P R O B p r o b l e m n u m b e r 

PSUM s u m m a t i o n of a v e r a g e d e n s i t i e s in e a c h i n c r e m e n t 

QBYA Q / A 

QCHNG s tep i n c r e a s e in Q / A for t r a n s i e n t c a s e 

RBAR a v e r a g e dens i ty in i n c r e m e n t 

RHO dens i ty 

RHOBAR a v e r a g e d e n s i t y of fluid in loop , Ib^^ / f t ' 

RHOSUM s u m m a t i o n of a v e r a g e d e n s i t i e s in e a c h i n c r e m e n t 

SIZE spec i f i e s l eng th of e a c h s p a c e 

SPA(I) d e s i g n a t e s n u m b e r of s p a c e s in loop 

1 = 1 h e a t e r 
1 = 2 r i s e r 
1 = 3 c o o l e r 
1 = 4 lower p o r t i o n of co ld leg 

SQRTF s q u a r e - r o o t s u b r o u t i n e 

TMAX maximunn t i m e p r o b l e m i s a l lowed to r u n 

V vo lume of loop , ft^ 
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APPENDIX D 

A L T E R N A T E DERIVATION AND ANALYSIS 

As indica ted in the text , the dens i ty -en tha lpy product was an i m 
por tan t t h e r m o d y n a m i c v a r i a b l e . The m a x i m u m in this product r e p r e s e n t e d 
a reg ion of uns table ope ra t ion . The cause of the m a x i m u m was analyzed in 
t e r m s of a change in the r a t e of change in densi ty with r e s p e c t to enthalpy. 
This "was shown to r e s u l t in nonuniform acce le ra t ion of a fluid control vo l 
ume as it p a s s e s through the h e a t e r or coo le r ; t he r e fo re , a t r ans i en t condi
tion deve lops . 

Since the dens i ty -en tha lpy product a p p e a r s in the energy equation 
and dens i ty a p p e a r s in the continuity equation, it i s ins t ruc t ive to make an 
ana lys i s cons ide r ing the dens i ty -en tha lpy product as a function of densi ty , 
which enab le s the ene rgy and continuity equations to be combined d i rec t ly . 
The cont inui ty equat ion is 

(G)inlet - (G)exit = Az | ^ . D-1 

The ene rgy equat ion is 

dt (Gh)inlet - (Gh)exit + ( Q M ) = Az ^ (ph) . D-2 

An a l t e r n a t e way of wr i t ing the ene rgy equation is 

[(Gh)inlet + ( Q / A ) ] - (Gh)exit = Az ^ ' | ^ . D-3 

Int roduct ion of the continuity equation, D - 1 , into Eq. D-3 gives 

[(Gh)iniet + ( Q / A ) ] - (Gh)exit = ^ [(G)inlet " (G)exit] • D-4 

In a t r a n s i e n t developed by hea t addit ion, the lef t -hand side of 
Eq. D-4 is a lways pos i t ive ; t h e r e f o r e , so should be the r igh t -hand s ide . 
T h r e e c a s e s need to be c o n s i d e r e d : (l) d(ph) /dp negat ive throughout the 
cont ro l vo lume ; (2) d(ph) /dp pos i t ive ; and (3) d(ph)/dp negat ive at the i n 
le t , pos i t ive a t the out le t . A plot of ph a s a function of p is shown in 
F ig . 39 for F r e o n - 1 1 4 . 

When d(ph)/dp is nega t ive , (G)gxit "^^^^^ ^^ g r e a t e r than (G)inlet to 
make the r i gh t -hand side of Eq. D-4 pos i t ive , that i s , the fluid in the cont ro l 
vo lume i s a c c e l e r a t e d . When d(ph) /dp is pos i t ive , (G)exit ™"st ^« ^^^^ ^^^'^ 
(G)inlet to sa t is fy Eq. D-4 , that i s , the fluid is d e c e l e r a t e d . 

• 
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Fig. 39 

Density-Enthalpy Product for 
Freon-114 along an Isobar as 
a Function of Density 

When the control volume corresponding to the two cases are 
chosen so that the slope is negative in one and positive in the other, i .e. , 
one on each side of the maximum, an interesting conclusion can be drawn. 
The fluid is first accelerated and then decelerated; consequently, a t ran
sient develops. The magnitude of the transient depends on the interaction 
of the mass velocity with the momentum equation, written as 

(Vgc)-f Ap D-5 

The equations as developed and conclusions drawn are applicable 
to both single- and two-phase fluids. The pr imary difference between the 
single- and the two-phase case is that the latter is more difficult to 
handle because of the increased complexity in specifying the control-
volume density and enthalpy and in determining the driving head, friction 
losses , and acceleration losses of the system. To i l lustrate this point, 
a plot of ph versus p for 600 psia water in thermodynamic equilibrium 
with the vapor and the same plot for a supercri t ical p ressure are shown 
in Fig. 40. It can be seen that the slope of the 600 psi curve corresponds 
to that of supercritical water at 4000 psi. 

Since the ph product is a double-valued function of p, the fraction 
A(ph)/Ap can be positive, zero, or negative. Consider the case when A(ph) 
is zero and Ap has a finite value. This corresponds to the fluid entering 
the control volume in the subcooled state at the thermodynamic condition 
defined by [ph,p] and leaving in the two-phase region at the state defined 



91 

by the s a m e two coord ina te s [ph ,p ] . If A(ph) equals ze ro , the r igh t -hand 
side of Eq . D-4 is z e r o ; hence , the equation cannot be sat isf ied by this 

condition. Thus , a t r ans i en t 
mus t develop to sat isfy the bas ic 
energy and continuity equat ions . 

Exper imenta l and ana ly t 
ical ver i f icat ion of this approach 
for a s ing le -phase sys tem is 
p resen ted in this t h e s i s . E x p e r i 
menta l work by Levy and Beck-
jordv'*'/ and ver i f icat ion by the 
analyt ical analys is of Randles^'*^' 
extends the approach to two-
phase s y s t e m s . 

The Var ia t ion of the 
Dens i ty-Entha lpy P r o d 
uct with Densi ty along 
I s o b a r s for Water 

Randies found, through use 
of a digital computer to obtain 
s imultaneous solutions of the con-

F ig . 40. The Var ia t ion of the servat ion and state equat ions , that , 
at the values of water subcooling 
studied in the Levy and Beckjord 
exper iment , the outlet velocity a l 
ways i nc r ea sed when the inlet 

veloci ty d e c r e a s e d , and vice v e r s a ; that i s , the outlet acce le ra t ion is always 
opposi te in sign to the inlet a cce l e r a t i on . This i s a lso the conclusion drawn 
f rom this a n a l y s i s . 

Randies a lso found that at 50°F subcooling and 127 kw/ l i t e r of power, 
the compute r gave solut ions for the flow which f i r s t exhibited s t rongly d i 
ve rgen t osc i l la t ions and then, at t = 3.4 s ec , underwent an ex t r eme ly rapid 
f luctuat ion. This fluctuation resu l ted in a flow r e v e r s a l with which the 
compute r could not cope; hence , the calculat ions ceased . This condition 
c o r r e s p o n d s to the approach of A(ph)/Ap to z e r o . 

The bas ic ana lys i s and the exper imenta l r e su l t s in the l i t e r a t u r e 
point to the fact that t he re a r e no simple or absolute c r i t e r i a for p r e 
dict ing the t r a n s i e n t s in diabatic s y s t e m s . This analys is points toward the 
t h e r m o d y n a m i c condition of the fluid as being the mos t impor tan t factor in 
the in i t ia t ion of sus ta ined t r a n s i e n t s . Once the t rans ien t is ini t ia ted, the 
i n t e r ac t ion of the m a s s veloci ty with the momentum equation de t e rmines 
whether or not the t r ans i en t will be damped strongly enough to prevent 
fu r the r o sc i l l a t i ons . If the damping is insufficient to damp the t h e r m a l 
dr iv ing fo rce , sus ta ined osc i l la t ions will occur . 
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APPENDIX E 
Table I 

SELECTID DATA 

Run 
Identity 

System 
Pressure, 

psig 

Pressure 
Fluctuation, 

psig 

Power 
Input, 
kw 

Inlet 
Temp of 

Heater, °F 

Outlet 
Temp of 

Heater, "F 

Apof 
Venturi, 

psi 

Change in 
Venturi Ap, 

psi 

Frequency, 

cps 
Remarks 

Loop No. 1 

16 Oct. 62 1 
Roll No. 1 

2 

3 

16 Oct. 62 1 
Roll No. 2 2 

3 

5 
6 

17 Oct. 62 1 
2 
3 
4 
5 
6 
7 
S 
9 

18 Oct. 62 1 
Roll No. 1 2 

3 
a 
5 
6 
7 
S 
9 

10 
11 
12 

Roll No. 2 1 

2 
3 
1 
5 
6 
7 
8 
9 

10 
11 

23 Oct. 62 1 

Roll No. 1 2 
3 
4 
5 
6 
7 

Roll No. 2 1 

2 
3 
4 
5 

6 
7 Nov. 62 1 

8 Nov. 62 1 

2 
3 
4 

9 Nov. 62 1 
Roll No. 1 2 

1 Oct. 62 1 
Roll No. 2 2 

3 
4 

3 Oct. 62 1 
Roll No. 1 

505 

505 

505 

503 
505 
505 

505 
505 

505 
507 
505 
505 
525 
525 
525 
525 
525 

520 
505 
505 
505 
505 
505 
505 
505 
505 
505 
505 
505 
505 
525 
525 
525 
525 
525 
525 
485 
485 
485 
485 
406 
505 
505 
505 
505 
335 
335 
505 
507 
507 
460 
60 

555 
605 

485 
494 
6G0 
465 
496 
510 

515 
50O 
500 
500 
500 

±18 

± 4 

±10 

± 5 
± 5 
±18 

±20 
±20 

± 8 
±10 
±30 
±20 
±20 
± 15 
±11 
±22 
±25 

±20 
±27 
±20 
± 17 
±10 
±15 
±12 
±10 
± 5 
±12 
± 9 
± 5 
± 7 
±16 
±16 
±12 
± 5 
± 5 
± 5 
±17 
± 12 
±12 
±15 

± 2 
± 4 
±11 
±17 
±25 
± 7 
± 6 

±50 
± 2 
± 3 
±10 
± 2 

±25 
± 7 

± 2 
± 1 
± 4 
± 5 

± 2 
± 2 

4 

6 

6 

8 
8 
8 

8 
10 

10 
10 
10 
12 
6 
4 
8 

10 
12 

14 
6 
6 
6 
5 
5 
5 
4 
4 
3 
3 
2 
2 
6 
6 
4 
2 
2 
2 
6 
5 
4 
3 

6 
10 
10 
10 
10 
9 
6 
6 

18 
18 
12 
4 
8 

4 

4 
li 
3 
6 

14 
8 

257 

195 

247 

232 
233 
B9 

251 
248 

198 
221 
248 
238 
247 
261 
245 
248 
243 

225 
251 
245 
245 
246 
253 
250 
253 
254 
260 
261 
266 
265 
249 
247 
261 
274 
279 
279 
245 
247 
251 
259 

262 
274 
270 
263 
254 

228 
246 
277 
278 
243 

246 

268 

274 
277 
291 
274 

276 
285 

278 

231 

276 

268 
270 
275 

284 
285 

242 
262 
283 
281 
275 
282 
278 
283 
280 

265 
281 
272 
273 
271 
276 
274 
274 
274 
277 
277 
279 
278 
276 
274 
281 
285 
289 
290 
271 
276 
275 
276 

277 
296 
290 
293 
289 
220 
255 
279 
302 
302 
281 

281 

290 

290 
285 
304 
248 

295 
299 

0.75 

1 

1.1 

1.1 

1.25 
1.5 

1.0 
1.15 
1.35 
1.5 
1.3 
0.75 
1.0 
1.35 
1.35 

1.35 
1.30 
1.30 
1.35 
0.80 
0.80 
0.80 
0.75 
0.70 
0.60 
0.60 
0.45 
0.45 
0.85 
0.85 
0.80 
0.45 
0.45 
0.45 
0.80 
0.75 
0.80 
0.65 

0.85 

0.80 
0.45 
0.70 
1.1 

2.5 
2.4 

Loop No. 2 

±10 
± 1 

±11 
±25 
± 2 

3 
3 
4 
5 

8 

275 
302 
266 
269 

282 

292 
315 
290 
292 

301 

0.40 
0.35 
0.55 
0.75 

1.30 

±3.5 

±3.0 

±0.1 

±3.5 

±3.5 
±3.5 

±0.3 
±0.2 
±3.5 
±2.5 
±3.5 
±3.0 
±2.5 
±3.5 
±4.0 

±4 
±3.5 
±2.0 
±2.0 
±0.7 
±0.7 
±1.5 
±1 
±1 
±1.5 
±2.0 
±2.0 
±2 
±2 
±2 
±3 
±1 
±1 
±1 
±3 
±2 
±2 
±1 

±2 

±0.5 
±025 
±1 
±0.10 

±0.5 
±0.1 

±3 
±025 
±2 
±3 

±0.5 

15 

24 

17 

18 
15 
17 

15 
15 

21 
20 
14 
16 
9 

16 
17 
15 
15 

14 
15 
16 
16 
16 
16 
16 
16 
15 
14 
14 
14 
14 
15 
15 
14 
12 
11 
11 
15 
15 
14 
14 

0.16 
8 

10 
10 
12 
1.5 
0.15 

15 
7.5 
7 
1.6 
0.2 

16 

14 

10 
10 
10 
1.5 

8 
6.6 

13 
9 

16 
14 

9 

Reduced pressure to 475 psig. 
Loop became stable. 
Initial transient, 4 to 6 kw, 
APvOff. 
Reduced pressure to 473 psig. 
Loop became stable. 

Initial transient 
A periodic heating type transient 
Reduced pressure to 490. Loop 
became stable. 

Initial transient 

Transition to two phases 

Subcooled 
Subcooled 
Cooling down 
Cooling down 
Cooling down 
Heating 

Cooling down 



NOMENCLATURE 

C r o s s - s e c t i o n a l a r e a , ft^ 

H e a t - t r a n s f e r a r e a , ft^ 

Velocity of sound, f t / s e c 

D i a m e t e r , ft 

Lumped in t e rna l d rag fo rces , Ibf 

Voltage a c r o s s t e s t sect ion, v 

S ing le -phase f r ic t ion factor 

Total f r ic t ional l o s s e s , Ibf/ft^ 

F r i c t i o n a l loss p e r unit length, lhf/{£t^){it) 

Local a c c e l e r a t i o n of gravi ty , f t /sec^ 

Constant of p ropor t iona l i ty , 32.2 lb^^-ft/lb£-sec^ 

Mass veloci ty , Ibm/(sec){ft^) 

Specific enthalpy, B tu / l bm 

In teger denoting t ime posi t ion 

Length, ft 

In teger denoting space posi t ion 

Var iab le constant defined by Eq. 111-9 

Mass flow r a t e , I b m / h r 

P r e s s u r e , Ibf/ft^ 

Reference p r e s s u r e , ps i 

L inea r r a t e of heat input to fluid, Btu/(sec)(ft) 

T i m e , sec 

F lu id t e m p e r a t u r e , °F 

Total volume of loop, ft 

Volunne of subdivision, (Aj^Az^) ft 

Elevat ion , ft 

Length of subdivis ion, ft 

Greek L e t t e r s 

p Densi ty, Ibm/ft^ 

P E l e c t r i c a l r e s i s t i v i ty , ^ohnn-in. 

T Time in te rva l , defined by Eq. I l l -16 

Supe r sc r ip t s 

(~) Bar over symbol denotes average value 

Subscr ip ts 

Denotes space posi t ion 

Inlet condition 

Exit condition 
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